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Summary 
Achieving the desired porous architectures in inorganic media tailored for different 
separation purposes through molecular shaping forces released from polymerization or controlled 
thermal degradation delivers an acute insight into the scientific and engineering knowledge. The 
framed chemical and thermal stability of inorganic materials propel them to be one of the most 
exciting classes of advanced material in recent times. This research project focuses on the 
philosophy in designing porous structure in inorganic medium ranging across the full dimensions 
of pore sizes: from macro-pores (>50 nm) to meso-pores (between 2 to 50 nm) and finally, to 
micro-pore (<2 nm) for applications such as high performance ultra-filters, porous ceramic 
support with low resistivity for gaseous flow, catalytic membrane reactors and gas separation 
membranes. 
This thesis aims to explore and study innovative porous inorganic membrane structures 
by applying the fundamentals of solid state and surface chemistry. Porous ceramic with acute 
pore size gradient, semi-graphitization carbon membrane evolved from conducting polymer, and 
unique mass diffusion/adsorption patterns in porous inorganic medium are the main contribution 
to the inorganic membrane technology.   
The first part of the study focused on introducing hierarchical porosity involving both 
macro and meso pore channels in monolithic ceramic to improve the overall pore connectivity. 
The central theme revolves around utilizing molecular shaping forces released from in-situ 
polymerization prior sintering to create pore imprints. The foundation of the pore network is laid 
down through the nano-scale extrusion of in-situ generated polymeric porogen and the presence 
of nano-carbon needles in upholding the ceramic structural integrity during sintering. This idea 
was first investigated by conducting in-situ addition polymerization of solid-state vinyl monomer 
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(e.g., acrylamide) in the green body. The advantage lies in the fact that the monomer can be 
homogenously distributed in the green object in a confined space and the polymer chains formed 
during the in-situ solid state polymerization can develop space occupancy through chain 
penetration and association, thus leaving behind better connected pore channels with improved 
permeability after they were removed eventually.  
This technique was developed further by using in-situ condensation of poly(p-phenylene 
terephthamide) (PPTA) nano-rods where the high carbonization degree of PPTA enables space 
retention of the rods during the initial stage of calcination designed to sinter the object. The 
influence of carbon derived from these PPTA rods on the sintering chemistry of the ceramic 
particles and consequently, the interconnectivity of pore channels and the flux and flow dynamics 
of the permeating fluid by modifying the sintering environment were studied thoroughly.  
On a separate note, we investigated the possibility of using such porous ceramic for oil-
in-water purification. We proposed an interfacial hybrid membrane: carbon grids, formed by 
entangling carbon nanotubes (CNT) are implanted in the hierarchical porous macro/meso ceramic 
membrane by catalytic cracking of methane. The hydrophobic affinity and interfacial curvature of 
the CNTs attract the oil particles through adsorption and hydrophilic entanglement when a 
polluted stream permeates through the membrane. The grease layers thus deposited would further 
enhance the removal of oil particles from the waste stream due to the increasing interfacial 
anchoring capability. Using a surrogate feed containing dilute oil-based dye and emulsifier in 
water, the fabricated carbon-ceramic hybrid membrane filtered away the tiny emulsion 
completely. In summary, the CNTs-sustained adsorption complements with the size-exclusion 
mechanism in the porous ceramic medium, manifesting as an effective and practical solution for 
oily water treatment. 
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In the second study, we explored the controlled thermal degradation of an electrically 
conducting polymer to synthesis a nanoporous carbon membrane suitable for gas separation with 
the objective of examining the impact of π-π chain associations in the polymeric backbone on the 
pore architectural of the carbonized structure. The conjugated chain structure, an inherent 
characteristic of conducting polymers, brings about severe domainization during carbonization; 
hence, explained the lack of activity in the research community. Using polypyrrole as a model 
precursor, the polymer was doped with longer aliphatic chains to significantly decrease its 
rigidity. This allows a continuous matrix of polymer membrane to be coated on the porous 
ceramic substrate. Micrographs images and gas transport properties of H2, N2, CO2 and CH4 
through the carbon membranes revealed dense layer of carbon. The transition of the doped 
pyrrole to carbon matrix was studied and understood through IR, XPS, 13C-NMR and DSC 
characterization. Finally, carbon nanotubes were introduced as structural pillars to relieve the 
thermal stress experienced during high pyrolysis temperature (>700 °C), ensuring the study of 
carbon membrane derived from conducting polymer at these temperatures range. 
However, not every conducting polymer is suitable for doping due to the inherent 
chemical structure, which restricts the addition of dopants. A versatile chemical oxidative in-situ 
polymerization involving a charged-grafted double layer was thus invented. This approach 
utilizes a water soluble polymer, poly(sodium 4-styrene sulfonate acid) (PSSA) with embedded 
initiator that provides plenty of pendent sulfonic acid groups for the anchorage of pending 
polymerization of n-methyl pyrrole (mPy) through proton-exchange and ion-pairing. Eventually, 
carbon membrane with molecular sieving was synthesized and pyrolysis condition on the micro-
pores was scrutinized.   
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Chapter 1 : Introduction 
1.1 Motivation and Overview 
The last 30 years have seen tremendous progress in the fabrication of porous inorganic 
materials. The formation of these specially tailored porous structures is not only interesting from 
a scientific point of view in the challenges posed by their synthesis, processing, and 
characterization; these materials have tremendous potential in various engineering and industrial 
applications due to their thermal and chemical stability in severe environment such as high 
temperatures, redox atmospheres, and corrosive liquids [1]. Generally, progress in tailoring 
porous materials has been achieved through manipulation of processing parameters rather than 
through understanding of the chemical and physical mechanisms that influence the pore 
structure [2]. Consequently, the architecting porous materials have proceeded largely in an 
empirical fashion rather than by design. 
Inorganic material usually contains a non-graded or uniform pore structure, where the 
manufacturing condition employed often determines the characteristic of the pore structure of the 
sintered article. These include total pore volume, ratio of closed/open porosity, mean pore size 
and its distribution, pore shape, tortuosity and interconnectivity. The type of pores required varies 
from application to application. For instance, micropores are needed for separation of gaseous 
stream [3, 4], while macropores are required in biomedical applications [5]. In addition, a 
combination of vastly different pore morphologies in a single monolithic matrix extends its 
properties and subsequently, its range of applications. For example, micro-macro porosity 
enhances the performance of microporous materials in applications where the need of both high 
catalytic activities, fast mass transportation of material and mechanical strength is required; while 
the introduction of meso-porosity into a micro-porous dominated matrix enhances the gas 
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permeation through the matrix without sacrificing its separation capability by increasing the 
accessibility gas molecules to micro-domains. In general, the macroporous inorganic framework 
(usually ceramics) provides a platform for chemical and mechanical stability, as well as high 
convective heat transfer, low pressure drop, and a high mass transfer due to the interconnected 
pore channels; while the micro/mesoporous system provide the functionality for a given 
application. For the remainder of this thesis, the terminology used to classify the porosity of 
materials, which was developed by the International Union of Pure and Applied Chemistry 
(IUPAC) is adopted. The term microporosity is used when the pore size is < 2 nm, mesoporosity 
when the pore size is between 2 and 50 nm, and macroporosity when pore size is > 50 nm.        
The methods used to induce pores in materials (both macropore and meso/micropore) are 
highly varied themselves. In the preparation of macroporous inorganic material (or ceramics), the 
processing routes can primarily be classified into replica, sacrificial template and direct foaming 
methods [6]. Each technique differs greatly in terms of processing features and final 
microstructures achieved, which in turn results in different properties. In the preparation of 
meso/micropore, the final matrix porosity can be controlled through partitioning of space, or in 
the case of structure-directing agents, by relying on differences in miscibility and the creation of 
chemical gradients as a means of inducing pores. For example, small amine molecules control the 
micropore (< 2 nm) formation in zeolites [7], while surfactant assemblies and more recently block 
copolymers control the formation of mesoporous (2-50 nm) inorganic materials [8]. In summary, 
pre-formed templates, self-assembling systems, and a variety of spontaneous processes have been 





3 | P a g e  
 
1.2 Research Objectives 
The main theme of this research project is to develop new processing methods or new 
materials to fabricate porous inorganic materials in the scale of macro and micro level. Two 
classes of porous materials were selected for study that offers opportunities for tailoring their 
properties.  
Firstly, we look into the fabrication of macroporous ceramic membrane with a 
hierarchical pore distribution extending to the mesoporous range by developing a novel 
processing method via solid-state in-situ polymerization of suitable monomers in the green 
ceramic body. The advantage of this pore-forming method lies in the fact that the monomer can 
be homogenously distributed in a compact green object and the polymer chains formed during the 
in-situ polymerization can develop space occupancy through chain penetration and association, 
thus leaving behind interconnecting pore channels and more open porosity after they were 
removed eventually. Addition polymerization system involving a vinyl monomer (acrylamide) 
was selected due to the ability of acrylamide to undergo spontaneous thermal polymerization 
reaction in the presence of initiators [9] or by ionizing radiation technique [10, 11]. Subsequently, 
step polymerization system involving the generation of poly(p-phenylene terephthamide) (PPTA) 
rods was studied based on the following reasons: (1) High thermal resistance allows retention of 
its space occupancy at elevated temperatures, (2) Rod-like polymer backbone enables tiny fibers 
to be formed. Coupled with the marked improvement on fluid permeability and mechanical 
strength over the ones fabricated by traditional methods, the exclusively designed pore channels 
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We also purposed a unique design for such membrane through the integration of nano-
technology into the pore channels of the ceramic membrane for the treatment of oily water, in 
particular, tiny oil emulsion. Carbon nanotubes (CNTs) were implanted into the pore channels by 
means of chemical vapor deposition. The rational of using CNTs is that it provides hydrophobic 
sites for the adsorption of these tiny oil particles during the course of filtration through the 
membrane. The combination of size-exclusion mechanism and CNTs-sustained adsorption in a 
single membrane entity successfully removes oily water emulsion from 210 ppm to 0 ppm. In 
addition, the capability of the CNT-ceramic membrane was assessed under different operating 
conditions, feed concentrations and surfactant types.      
Next, the fabrication of microporous carbon membrane via a new class of polymers – 
conducting polymer was investigated. Amid the fact that there are many possible types of 
polymer (e.g. polyimides [4, 12, 13], polyfurfuryl alcohol [14] and phenol formaldehyde [15]) 
that are pertinent for making carbon membranes, the possibility of using conducting polymers as 
a precursor remains due to fact that their main chains are composed of sp2 carbons that can be 
readily transformed to polyaromatic hydrocarbon (PAH) structure upon pyrolysis. Such sp2 
hybridized carbon chains favor the formation of PAHs with 2-D conjugated carbon 
configurations, the key constituent unit in a carbon membrane. Ideally, the packing of “graphene-
like” flakes derived from PAHs provides micro-porosity for sieving in the range of 3-4 Å while 
the regions connecting each flake island enhance the gas permeability through the carbon 
medium. Beside this consideration, the relatively low cost and high carbon-content associated 
with conducting polymers are desirable characteristics for industrial application. Interestingly, 
conducting polymers have not been studied as a precursor to carbon membrane, possibly due to 
the fact that the conducting polymers are normally insoluble and infusible powders – a direct 
consequence of conjugated chain structures that maximize the inter-chain cohesive associations. 
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Hence, overcoming this drawback and allowing for realization of a continuous membrane is the 
first step towards the synthesis of a carbon membrane for conducting polymer. 
In this thesis, we introduced a grafting technique using a sulfonate surfactant as attaching 
moiety to overcome the otherwise insoluble trait of conducting polymer. Using pyrrole as the 
monomer, a solution of grafted polypyrrole in NMP or m-cresol was obtained and eventually 
used as a casting solution on a porous ceramic membrane. A dense-free carbon membrane was 
ultimately obtained after pyrolysis. However, the thermal stress generated within the carbon 
matrix increased with pyrolysis temperature, which resulted in the detachment of carbon matrix 
from the ceramic support. To overcome this, we embedded carbon nano-tubes (CNTs) as 
structural pillars in the carbon matrix to relieve the thermal stress; hence effectively allowed the 
formation of dense membrane at higher pyrolysis temperature. Finally, we recognized that 
grafting method by long aliphatic chain is only limited to conducting polymer without any steric 
hindrance at grafting site. This brings us to our next invention – utilizing the interfacial charge to 
adhere an in-situ generated pyrrole-type polymer film through ion pairing at multi-sites, which 
led to a charged-grafted double layer. This design successfully overcomes the insolubility trait of 
conducting polymer, even for those that are not suitable for grafting. 
 
1.3 Structure of thesis 
This thesis is divided into several sections that can be read and understood independently 
without reference to any section with the exception of some experiment procedures and 
characterization methods that are commonly used. These will be discussed in detail when they 
first appeared and will be referred to in subsequent chapters.      
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In Chapter 2, 'Background and theory for porous ceramics' and Chapter 3, ‘Background 
and theory for carbon membrane’, we reviewed the background and theory of porous ceramic 
and carbon membrane. For the section on porous ceramic, the fabrication and techniques 
employed by researchers and industrial process are reviewed and discussed in detail. Since 
sintering has a huge influence on the pore evolution of the final sintered article, theoretical 
models and its fundamentals are presented. Finally, the current fabrication technologies on 
macro-porous ceramic are analyzed in detail. For the section on carbon membrane, a general 
methodology of carbon membrane fabrication process from polymeric precursor is presented. 
Each individual step, which includes polymeric precursor selection, pyrolysis conditions, post-
treatment, plays an important role in determining the pore structure and consequently, the gas 
transport phenomenon of the finally obtain carbon matrix. These are addressed in the section as 
well.  
In Chapter 4, 'An in-situ approach to create porous ceramic membrane: polymerization 
of acrylamide in a confined environment', we developed a new processing method for the 
fabrication of macro-porous ceramic membrane. The processing steps involves three main 
procedure: by uniformly distributing a solid vinyl monomer (e.g., acrylamide) into a green object 
of ceramic through wet chemistry mixing and compression molding; polymerizing the monomer 
in a highly compact surrounding, leading to the formation of embedded chain assemblies of 
polyacrylamide; and removing the polymer via carbonization and calcination. This in-situ pore-
forming strategy grants less tortuous and denser pore channels in contrast to the traditional 
approach of using polymeric porogen such as starch or cellulose. The weight% of initiator and 
duration of polymerization were scrutinized using thermal analysis, electron microscopy and Hg 
porosimetry to understand their influences on the microstructure of the sintered ceramic 
membrane.    
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In Chapter 5, 'Submicron scale exclusion via polymerizing an aromatic nylon in molded 
ceramic monolith for paving interconnected pore channels', we explored the possibility of 
improving the in-situ pore-forming technique by utilizing in-situ generated poly(p-phenylene 
terephthamide) (PPTA) nano-rods as pore former. Different from the conventional means, this 
approach relies on interstice exclusion of the PPTA rods throughout the green ceramic object. 
The spatial confinement restricts the polymerization extent of PPTA, resulting in localized 
generation of nano-crystallite rods and expansion of inter-particle contacts simultaneously. 
Another feature of these PPTA is the high carbonization degree of PPTA which allows for space 
retention of the rods during the initial stage of calcination designed to sinter the object. The pore 
channels left behind in the sintered article possess the throat-to-void structural characteristic. 
Besides the marked improvement on fluid permeability and mechanical strength over the ones 
fabricated by using starch as pore former, such pore structure claims an unusual capability to 
induce shear thinning effect when a pressure-driven dilute polymer solution passes through the 
channels. 
 In Chapter 6, ‘Evolution of throttle-channel dual pores in YSZ ceramic monolith 
through in-situ grown nano carbon wedges, we studied the influence of carbon derived from 
PPTA rods on the sintering chemistry of the ceramic particles and consequently, the 
interconnectivity of pore channels and the flux and flow dynamics of the permeating fluid. The 
motivation behind this study is to enhance the properties of the sintered ceramic by increasing the 
throat-like pore (ca. 10 nm) concentration in a peculiar three-dimensional network designed to 
connect the micron channels. Using the same system of in-situ growth PPTA rods in a highly 
compact ceramic powder packing, the sintering environment was modified to carbonize and 
graphitize these PPTA rods under argon to generate graphite nano-rods, which on whole were 
loosely connected. The calcination atmosphere was then switched to air to gradually remove the 
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carbon template and consolidate the ceramic particles. A throat-channel interconnected porous 
network was thus formed in the sintered ceramic bulk as a result of the dimension of rods. Such a 
pore structure manifested an appealing capability of rubbing viscous fluids, which was caused by 
repetitive throttling process coupled with a marked improvement on fluid permeability while 
maintaining good mechanical properties. 
 In Chapter 7 ‘Ceramic pore-channels with inducted carbon-nanotubes for removing oil 
from water’, we demonstrate the use of the porous ceramic fabricated by the method disclosed in 
Chapter 3 to 5 for oily water separation. However, to increase the efficiency of the performance 
of the membrane, we incorporated carbon grids, formed by entangling carbon nanotubes into the 
hierarchical porous ceramic membrane. The hydrophobic affinity and interfacial curvature of the 
CNTs attracted the oil particles through adsorption and hydrophilic entanglement when a polluted 
stream permeates through the membrane. The grease layers thus deposited would further enhance 
removal of oil particles from the waste stream due to the increasing interfacial anchoring 
capability. Using a surrogate feed containing very dilute oil-based dye and emulsifier in water, 
the fabricated carbon-ceramic hybrid membrane filtered away completely the tiny emulsion. In 
summary, the CNTs-sustained adsorption complements with the size-exclusion mechanism in the 
porous ceramic medium, manifesting as an effective and practical solution for oily water 
treatment.                
In Chapter 8, ‘Performance of emulsified oily water treatment by carbon nano-tubes 
modified ceramic pore channel’, we extensively evaluated the performance of the CNT 
membrane under various strenuous conditions and factors that will be attractive for industrial 
applications; namely, different oil concentrations, type of surfactants, trans-membrane pressure 
(TMP) and feed temperature. Similarly, the key performance indexes – permeate flux and 
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rejection of the membrane for each case, were carefully analyzed to comprehend the science and 
fundamentals of the separation mechanism. 
 In Chapter 9, ‘Aliphatic chain doped polypyrrole to carbon membrane – effects of the 
soft side chains’, the synthesis of a nanoporous carbon membrane from an electrically conducting 
polymer has been explored. The conjugated chain structure, an inherent characteristic of 
conducting polymers, will normally leave cracks in the resulting carbon membrane as it brings 
about severe domainization during carbonization. This work aims to alleviate the extent of 
domainization by using polypyrrole (PPy) as a model precursor. By the approach developed, PPy 
is doped by dodecylbenzyl sulfonic acid (DBSA) to form a branched structure. The association of 
DBSA aliphatic chains significantly lowers down rigid nature of PPy, which in turn allows for 
achieving a continuous matrix of PPy membrane by coating. Such a matrix composed of discrete 
PPy segments and DBSA chains is crucial to the formation of a crack-free carbon matrix upon 
carbonization. The carbon membranes, which were fabricated on porous ceramic substrate, are of 
3 to 5 µm in thickness depending on the pyrolysis temperature used. The sizes and their 
distributions of micro-pores in the carbon membranes were inferred by the study of N2 adsorption 
isotherms of the pyrolyzed powder and subsequently, examined by the gas transport properties of 
H2, N2, CO2 and CH4 through the carbon membranes. 
In Chapter 10, ‘Carbon nanotubes as structural pillars and micro-porosity injectors for 
enhancing carbon membrane performance’, Thermal stress within the carbon domains during 
the pyrolysis of conducting polymer when the temperature reaches 700 °C and above, results in 
the separation of these domains as attempted in previous chapter. This consequently leads to the 
formation of micro/meso porosity, which provides a free-way for the gas molecules and the 
expected drop in selectivity and hence, the absence of molecular recognition in gas transport 
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phenomenon. The exploration of high pyrolysis temperature on membrane’s performance with 
conducting polymer is the focus of this study. We proposed to embed structural pillars in the 
carbon matrix, an idea inspired by those foundation pillars used in the structural engineering in 
buildings. CNT is an excellent candidate due to the following reasons: (1) similar material as that 
of the bulk carbon matrix implies the compatibility in thermal expansion coefficient and hence, 
minimizes the probability of defects during pyrolysis; (2) the inclusion of micro-porous channels 
in the carbon matrix allows the exposure of more domains to the gas molecules, hence, improving 
the gas permeation of the molecules through the membrane. In addition, phenol-formaldehyde 
prepolymeric resin was introduced to provide better adhesion of the carbon membrane to the 
ceramic support. As predicted, defect-free carbon membrane on a macro-porous ceramic was 
obtained at high pyrolysis temperature from 500 °C to 1000 °C, with the optimal temperature 
setting at 800 °C.        
 In Chapter 11, ‘The structural evolution of side-chain grafted polypyrrole to carbon 
membrane’, an insight into the evolution of carbon matrix derived from carbonizing structurally 
modified polypyrrole was examined. Attaching aliphatic side chains to rigid PPy backbones was 
found to apparently defer the thermal decomposition extent of the polymer during the pyrolysis 
process. The branched structure retarded quick aggregation of polyaromatic hydrocarbons 
generated therefore and allowed for the growth of a continuous carbonaceous matrix. The 
carbonization step was followed by the evolution of microporous structure with the increase in 
calcinations temperature, which is significantly affected by the carbonaceous structure formed. 
These understandings are based on the characterizations of FTIR, XPS and 13C-NMR 
spectroscopies and DSC analysis. The actual membrane performance for gas separation was 
carried out to correlate with pore sizes formed. In summary, this work provides a fundamental 
study to understand the transition of polymer to carbon during pyrolysis.  
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In Chapter 12, ‘Carbon membrane derived from interfacial charged-grafted double 
polymer layers for gas separation’, we developed a new fabrication concept for the carbon 
membrane using conducting polymer as we realized that the grafting methodology introduced in 
previous chapter is not suitable for every conducting polymer due to the steric hindrance at 
grafting site. The idea revolves around utilizing the interfacial charge to adhere an in-situ 
generated pyrrole-type polymer film through ion pairing at multi-sites, which thus led to a 
charged-grafted double layer. This design successfully overcomes the insolubility trait of 
conducting polymer. 
Finally, the conclusions of this thesis and recommendations are covered in Chapter 13. A 
short write-up on gas adsorption technique and the relevant model used for pore size analysis and 
the porosimeter intrusion technique is presented in Appendix A.     
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Chapter 2 : Background and Theory for Porous Ceramics 
 
Abstract 
The concept of porous media has been applied in numerous areas in science and 
engineering: filtration, gas separation, mechanics, geosciences, bio-medical and biochemistry, 
etc. In the most general sense, a porous medium is a solid body containing pores (voids). Porosity 
is one of the most important geometrical quantities for describing materials as it influences the 
physical and mechanical properties and the functionality of the material. This chapter begins by 
giving a brief introduction on ceramic and its general fabrication procedure. This is followed by a 
detailed discussion on the role of additives in the processed ceramic particles during 
consolidation. Different forming/consolidation techniques and the formation of pores during 
sintering are also reviewed. Finally, the macroporous ceramic forming techniques with reference 
to recent literature are examined.  
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2.1 Introduction to Ceramics 
 Ceramics are defined as inorganic, non-metallic materials, which often contain crystalline 
structures. They comprise of both metallic and non-metallic elements such as Al2O3, CaO, ZrO2, 
SiC and Si3N4. There are several broad categories for the classification of ceramics based on the 
industrial applications such as advanced porous ceramics, refractories, glasses, cements, and 
abrasives. Advanced porous ceramics are currently attracting a significant amount of scientific 
and industrial interest, where the focus is on processing developments, finding new applications, 
and studying the relationships between microstructure and properties. Major applications for 
these materials are membranes and filters in water treatment [16-19], catalysis support [17, 18, 
20], gas sensors [18, 21], separators in solid oxide fuel cells (SOFC) [17, 18, 22], petrochemical 
processes [23] and biomedical devices [17, 18, 24]. Their high popularity can be attributed to 
their ability to operate in harsh environments involving high temperature and corrosive 
surroundings, which gives them an edge over metallic and polymeric materials. Moreover, 
ceramic materials offer relevant mechanical reliability and durability necessary for these 
operations. 
 
2.2 Overview of ceramic fabrication technology 
The art of ceramic manufacturing can be dated back to the Han Dynasty 2000 years ago. 
Since then, ceramic fabrication has evolved and improved tremendously. Today, the technology 
of the ceramic fabrication comprises of a diversity of processes that can be combined in 
numerous ways for different material and microstructure, size and shape, and cost constraints and 
opportunities. The strategy on the fabrication route is primarily dependent on the character and 
desired properties of the finished product. The dominant process in ceramic technology revolves 
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around sintering of preformed green bodies, made by different powder consolidation techniques 
using powders from various preparation processes. The typical powder consolidation forming 
processes are extrusion, isotactic pressing, hydraulic pressing, and injection molding. The 
following figure shows the schematic outline for the fabrication of ceramic.  
 
Figure 2-1: Schematic outline of sintering-based fabrication of ceramics. The shaded boxes are 
the main process while the dashed lines (both for the boxes and connecting lines) 
denotes that variations are possible and have been attempted by both researchers 
and industrial players.  
 
Chapter 2 
Background and Theory: Porous Ceramics 
15 | P a g e  
 
In the following chapters, we will provide a brief overview on the fundamentals involved 
on power processing, power consolidation and sintering. Power preparation is omitted in the 
discussion of this thesis as the powders used in the experiments are purchased from commercial 
sources. For readers who require more information on this, do refer to these books [25, 26]. 
 
2.3  Powder processing – role of additives in consolidation   
The addition of additives, often a small weight fraction of the total weight of ceramic 
powders, is crucial for the rheological characteristics of the feed material and the control of 
packing uniformity of the green body. More importantly, this minute amount can completely 
change the properties and the microstructure of the final sintered product. Hence, numerous 
studies have been pursued to understand the chemistry of additives.  The additives added can be 
either organic or inorganic in composition. Organic additives, both synthetic and natural in origin, 
have been the popular choice as they can be easily removed completely during the sintering step. 
This allows a pure ceramic article free of residues to be fabricated, which otherwise, might 
degrade the microstructure and consequently, its performance.  
The additives can be divided into four main categories: (1) solvents, (2) dispersants (also 
known as deflocculants, (3) binders, (4) plasticizers. Each has a major role in ceramic processing 
and will be described in the following sections.   
2.3.1 Solvents 
The usage of solvents for pre-forming ceramic process serves two major functions: (1) to 
provide fluidity for the powder during consolidation/forming process, (2) to dissolve the additives 
to be incorporated into the powder, thereby ensuring the uniformly dispersion of the additives 
throughout the ceramic powder. The selection of the solvent is usually between water and organic 
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liquid, where the latter are often preferred as organic solvents have higher vapor pressure, lower 
latent heat of vaporization, lower boiling point and lower surface tension than water. As such, the 
process of drying can be much faster and a more uniform distribution of the additives can be 
achieved. In general, the choice of the solvent involves the consideration of the following: (1) the 
ability to dissolve other additives, (2) evaporation rate, (3) the ability to wet the ceramic powder, 
(4) viscosity, (5) reactivity towards the powder, (6) safety and, (7) cost. On the other hand, water 
has a relatively high viscosity and its tendency to form hydrogen bonds with hydroxyl groups 
found on the surface of the ceramic oxide powders often result in a reduction in the solids content 
of the suspension on a similar viscosity scale as that of an organic solvent. However, the distant 
advantages of water over organic solvents in the area of safety, cost and waste disposal has 
prompt researchers to advance their understanding in using dispersants to address the 
shortcomings.     
2.3.2 Dispersants 
Dispersants, (or deflocculants), serve to stabilize a slurry against flocculation by 
increasing the repulsion between the particles. This enables a higher loading of ceramic particle 
in the slurry. Dispersants are made of a wide range of chemical composition and can be classified 
into 3 groups: (1) simple ions and molecules, (2) short chain polymers with a functional end 
group, commonly referred to as surfactants, (3) low to medium molecular weight polymers.    
Simple ions and molecules are effective in aqueous solvents and they are formed by the 
dissociation of dissolved inorganic compounds such as salts, acids and bases. Examples are 
sodium silicate (Na2SiO3), sodium hexametaphosphate (Na6P6O18), sodium carbonate (Na2CO3), 
and hydrochloric acid for oxides. The ions and molecules serves as dispersants by preferential 
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adsorption onto the particle surface. This leads to a formation of a diffuse layer of the counter 
ions and hence, provides electrostatic stabilization due to repulsion between the double layers.  
Surfactants are short-chain polymers (usually containing 50 to 100 carbon atoms) with a 
functional head group that can be either nonionic or ionic in nature. Similar to the stabilization 
mechanism to the simple ions and molecules, the stabilization of the suspension occurs by 
electrostatic repulsion between the negative charges of the adsorbed surfactant molecules (or 
micelles).    
The last group of dispersants has a molecular weight in the range of several hundred to 
thousand and can be classified into 2 types: nonionic and ionic. Examples of non-ionic polymeric 
dispersants are poly(ethylene oxide) (PEO), poly(ethylene glycol) (PEG), poly(vinyl pyrrolidone) 
(PVP),  poly(vinyl alcohol) (PVA), and polystyrene (PS). Due to their high molecular weight, 
they can function as both binder and dispersant.   
2.3.3 Binders 
Binders are typically long chain polymers where they primarily provide strength to the 
green body by forming bridges between the ceramic particles during forming process.  Figure 2-2 
shows the monomer formulas of some common synthetic binders. 
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Figure 2-2: Monomer formulas of some synthetic binders 
  
 Generally, a high molecular weight binder is required to increase the binder strength. On 
the other hand, the glass transition temperature Tg of the polymer must be relatively low to aid the 
deformation of the binder during forming. This essentially implies a reduction in the resistance to 
the motion of the polymer chains, which can be achieved by the use of polymers with less rigid 
side or polar size groups, or even a lower molecular weight. Hence, a balance between these two 
factors is needed to achieve the good properties sintered article. The addition of small amount of 
a compatible plasticizer (as discussed later) can be introduced to reduce the intermolecular 
bonding between the chains. A general rule of thumb is that the binder should be less polar than 
the dispersant so that it will not displace the dispersant from the particle surface.     
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 The selection of a binder for a given forming process involves the following 
considerations: (1) binder burnout characteristics, (2) molecular weight, (3) glass transition 
temperature, (4) compatibility with the dispersant, (5) effect on the viscosity of the solvent, (6) 
solubility of the solvent, and (7) cost. The most important factor is the binder burnout 
characteristics as it is desired to remove all the additives in the green body as completely as 
possible during the sintering process. Since the concentration of the binder is usually much higher 
than other additives, this burnout characteristic is crucial in meeting this objective. The burnout 
characteristic is primarily dependent on the binder chemistry and atmosphere used during heat 
treatment. 
 In addition, the effect of the binder on the rheology of the solvent is a key consideration 
for the type of binder to use. Introduction of organic binders results in the increase of viscosity 
and change the flow behavior of the fluid, sometimes even leading to the formation of gel. 
However, for the casting techniques (e.g. tape casting), the binder should not produce a rapid 
increase in the viscosity of the solvent with increasing concentration as this will limit the amount 
of powder that can be incorporated into the suspension in the range of usable viscosity. Yet, for 
extrusion process, a rapid increase is often desirable to provide excellent green strength with a 
low loading of the binder.    
2.3.4 Plasticizers 
 Plasticizers are usually organic molecules that have a lower molecular weight than the 
binder. The role of the plasticizer is to soften the binder in dry state, which corresponds to the 
reduction in Tg of the binder. This effectively increases the flexibility of the green body, which is 
crucial for fabrication processes such as tape casting. For wet forming process that uses binder as 
one of the additives, the plasticizer is required to be soluble in the same solvent that dissolves the 
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binder. For dry state forming process, the binder and plasticizer are usually homogeneously 
mixed by mechanical means.  
Looking from the molecular perspective, the plasticizer molecules will occupy the space 
between the polymer chains of the binder and thus, disrupting the chain alignment and reducing 
the van der Waals bonding between adjacent chains. This consequently leads to the softening of 
the binder and reduces the strength. Table 2-1 shows the list of the commonly used plasticizers. 
 
Table 2-1: List of plasticizers and their properties commonly used in ceramic processing 
Plasticizers Melting point (°C) Boiling point (°C) Molecular weight 
Ethylene glycol -13 197 62 
Diethylene glycol -8 245 106 
Triethylene glycol -7 288 150 
Tetraethylene glycol -5 327 194 
Poly(ethylene glycol) -10 > 330 300 
Glycerol 18 290 92 
Dibutyl phthalate -35 340 278 
Dimethyl phthalate 0 284 194 
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2.4  Forming techniques for green body 
2.4.1 Pressing 
2.4.1.1  Die Pressing 
One of the easiest methods to obtain a green body is by applying mechanical pressure to 
consolidate a powder. In die compaction, the powder or a granular material undergoes 
simultaneous uniaxial compaction and shaping in a rigid die. The overall process consists of 
filing of the die with the processed powder (usually additives are added), powder compaction and 
finally, ejection of the compacted powder. The rationale of using processed powder is that fine 
powders alone do not flow very well, leading to difficulty in obtaining a homogeneously compact 
green body.  
A problem associated in die compaction is that the applied pressure is not transmitted 
uniformly to the powder primarily due to friction between the powder and the die wall. The 
pressure gradients thus produce density gradients in the powder compact. In addition, use of fine 
powders for die pressing often leads to poor compression and ultimately defective ceramic, as 
they do not flow uniformly due to greater and more variable moisture absorption. This results in 
poor compression.    
The key granule characteristics that influence the compaction are the hardness, which is 
greatly influenced by the particle packing and type of binder in the granule (The hardness of the 
organic binders is determined by the glass transition temperature Tg), the particle size and particle 
size distribution. When the powder is under compression force, it first reorganizes into a close 
packed structure. With further increase in pressure, deformation occurs. Nominally hard granules 
can rearrange easily, but if the hardness increase, they will be difficult to deform. Thus, this will 
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produce a green body with large inter-granular pores. These large pores are difficult to remove 
during sintering and this will result in a decrease of final density and produce microstructural 
flaws in the sintered article. On the other hand, although soft granules can deform readily under 
pressure, they will not be able to rearrange sufficiently at low pressure to eliminate large packing 
flaws present after die filling if they are too soft. This will result in a compact with large density 
gradients, which will be magnified during sintering and often, caused cracking in the sintered 
article. Hence, a medium hardness that can undergo rearrangement and deformation during 
compaction is desired.  
In summary, it is desired that the green body obtained is free of macroscopic defects and 
that the density gradients is as low as possible. This is because density gradients lead to the 
development of crack-like voids in the sintered body and can lead to cracking and warping of the 
body during sintering. The use of lubricants to reduce the internal friction between the particles 
and friction of the die wall can lead to significant improvements. Stress gradients are more 
prominent with increased ratio of the length to diameter (L/D). For single-action mode of die 
compaction, this ratio should be less than 0.5.       
2.4.1.2  Isostatic Pressing 
Isostatic pressing involves the application of a uniform hydrostatic pressure to the powder 
contained in a flexible rubber container and is commonly done on both laboratory and industrial 
scales. This process is usually referred to as wet bag isopressing and the pressure capabilities of 
these vessels range from 100 MPa to 700 MPa. Isostatic pressing is often used for special 
fabrication, such as longer tubes or rods where extrusion is not suitable or unavailable. In 
addition, designs such as tubes or rods with flanges, simple and limited change of diameter or 
shape (including hemispherical sections), or closed-end tubes are possible with isopressing. It is 
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also frequently used for fabricating prototyping components. However, isostatic processing 
require filling of powder into plastic or rubber bags, which are then sealed and loaded into the 
press for pressing. Hence, majority of these steps need to be carried out manually and the cost of 
fabrication is on the high side as compared to die pressing. Such traits are not very attractive for 
large production.     
The nature of the pressing behavior has many similarities to die (uniaxial) pressing, but 
with less heterogeneity problems and frequently able to achieve higher density for the green 
body. The compaction of the powder for the pressing process is most rapid at low pressures (≤ 
100 MPa); for example, the alumina green density can reach 60% of its theoretical density at this 
pressure. However, the increase to 65% required a pressing pressure of at least 700 MPa. A major 
difference between isopressing and die pressing is that the latter often results in varying 
anisotropy due to preferred orientation of anistropically shaped particles. This will cause 
formation of laminar defects or pores. On the other hand, such phenomenon is minimized in iso-
pressing even with the use of fairly anisotropically shaped powder particles.   
2.4.2 Casting methods  
The principle of casting is based on the removal of liquid (or solvent) from colloidal 
systems with the aim to consolidate the particles suspended in a slurry. The colloidal system or 
ceramic suspension comprises of ceramic powder, a solvent and additives such as dispersant (to 
stabilize the ceramic powder against agglomeration) and binder (to provide green strength to the 
green body after drying). The common casting methods are slip casting, tape casting and more 
recently, gel casting. Ideally, the green body should have a homogeneous particle packing and a 
high green density. This implies that the slurry should have a high particle concentration and yet, 
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have the rheological properties to flow free and easily during the casing process. This is to ensure 
a sufficient high casting rate for economical production in the industry.  
2.4.2.1  Slip casting 
For slip casting, a porous mold is used to give the shape to the green body. Slip casting 
can be performed either using drain casting or solid casting. In solid casting, which is the more 
popular choice, involves pouring a thick slip into a mold where it completely dewaters. Figure 2-
3 shows the schematic of solid casting process. Dewaters is a phenomenon where the liquid 
transports out of the slurry through the mold as a result of the hydrostatic pressure and capillary 
suction. Thus, the two resistances to flow are the cake and the mold. This principle is similar to 
filter pressing, another technique that is used for ceramic forming.  
 
Figure 2-3: Schematic of solid casting, which comprises of mold assembly, mold filling, 
dewatering, and finished green body after removal from the mold and trimming.   
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2.4.2.2  Tape casting 
Tape casting is used to produce a green body that consists of a thin layer of a dried 
ceramic suspension. One of the key advantages of this processing technique is that layering of 
these thin ceramic layers is possible and hence, produces multilayer structure such as multilayer 
capacitor. The principle of a tape casting machine lines in moving a doctor blade over a ceramic 
powder slurry. Figure 2-4 shows a schematic of the tape casting process. Control of the thickness 
of the cast, the slurry composition and the speed of the doctor blade during casting are of critical 
importance in tape casting. Typical solids loading are between 10 to 50 % by volume.      
 
Figure 2-4: Schematic of the tape casting process. 
 
2.4.3 Sol-gel processing and gel-casting 
A sol is essentially a suspension of fine particles or polymer chains. A gel forms when 
the links form between the colloidal particles or when polymer molecules undergo cross-linking 
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to form a network, giving a firm, viscous mass. The particulate or polymeric gel is allowed to 
settle, and the excess liquid is poured away. Centrifugation can be employed to accelerate the 
sedimentation. Semi-rigid gels are then allowed to dry. Liquid in resultant capillaries are removed 
by evaporation in this step, and the overall structure shrinks considerably. Additives known as 
drying control chemical additives are typically added to add strength to the particulate or 
polymeric network, which are prone to fracture during drying. Finally, the dried gel is fired to 
give a dense final product. Figure 2-5 shows the schematic illustration of the possible routes used 
in sol-gel processing.  
 
Figure 2-5: Schematic illustration of the routes used in sol-gel processing.  
 
Metal alkoxides are commonly used polymeric sol precursors because of their reactivity 
with water. When water is added to a sol suspension of metal alkoxide and stirred, the alkoxide 
groups undergo hydrolysis and condensation to form chains. Coupled with cross-linking, the 
resultant mixture increases viscosity until the reaction mixture stops flowing when the reaction 
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container is tipped. Gelation proceeds similarly for particulate gels, except that Van der Waals 
forces are responsible for the construction of the structural network. Since polymeric gels grow 
by polycondensation, they form denser networks with smaller pores as compared to particulate 
gels. Consequently, polymeric gel networks encompass higher interfacial tension and sinter at 
lower temperatures. Advantages of sol-gel processing are manifold. With regards to the aims laid 
out above, high porosity and permeability, as well as narrow pore size distributions can be 
accomplished in most sol-gel products. Sintering temperatures required for dried gels are also 
significantly lower as compared to other ceramic processing techniques. Complicated final shapes 
can be engineered, as gels are amenable. 
The most obvious problem faced with sol-gel processing is the high tendency for gelled 
networks to crack or warp during drying. When the liquid evaporates from channels within the 
structure, capillary tension increases and the differences in tension cause the network to bend, 
ultimately leading to warping and cracking. This effect is especially pronounced in thick gels, 
where pressure differences are difficult to control. The tensile differences are avoided with low 
drying rates or drawing the liquid from its pores above the liquid critical temperature. On this 
account, monoliths are rarely produced with the sol-gel method. Gels with substantial thicknesses 
necessitate uneconomical drying times. Dimensional shrinkage is also high and thus, the size of 
the final article cannot be predicted easily. With regards to our aims of monoliths for membrane 
supports, the costs of the sol-gel method seem to outweigh its advantages. 
Gelcasting is based on the same principles employed in the sol-gel method. The method 
was developed at the Oak Ridge National Laboratories in the 1980s to produce ceramic bodies of 
complicated shapes. Slurry containing ceramic powders and monomers (also called the premix) is 
poured into a mold corresponding to the desired shape in the final article. Free radical 
Chapter 2 
Background and Theory: Porous Ceramics 
28 | P a g e  
 
polymerization is then carried out to enable the slurry to solidify into a gel that conforms to the 
shape of the mold. This process is analogous to cross-linking in particulate gels or polymerization 
in polymeric gels in the sol-gel process. Polymers form networks that hold discrete ceramic 
particles in place. To ensure that a polymeric network that extends throughout the whole mold is 
obtained, both monomers with one double bond and two double bonds are employed.  
Free-radical polymerization between monomers containing a single double bond forms 
linear polymers, while those with multiple double bonds act as cross-linkers from which linear 
polymer chains can extend. The standard monomers used for gelcasting are acrylamide and N,N’-
methylenebisacrylamide, which polymerize in water. Thereafter, the gelled body is demolded, 
dried and sintered. The key difference between gelcasting and sol-gel processing is that in the sol-
gel technique, polymeric networks form the ceramic body; whereas in gelcasting, they function to 
hold ceramic particles together in a cohesive manner. Since ceramic particles are packed more 
closely together in gelcasting, there is limited space for shrinkage. Monoliths of considerable 
thicknesses can thus be casted. The advantage of near-net complex shapes is a highlight of the 
technique.  
Gelcasting has proven to be a feasible technique when standard monomers and YSZ 
powders were used in combination. Open porosity above 50 % was observed for gelcasted 
monoliths as compared to 40 % achieved by cold-pressing the same combination of ceramic and 
polymer [27]. However, monomers of acrylamide are known neurotoxins, which inevitably limit 
their use on an industrial scale. Research into non-toxic precursors was undertaken, but no figures 
of permeability and porosity were reported for the tested monomers [28], suggesting that the use 
of gelcasted ceramic bodies formed from non-toxic monomers as filters are as yet studied. 
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2.5  Sintering – Grain growth, pore evolution and its thermodynamics 
2.5.1 Grain growth 
Almost all ceramic bodies must be sintered to produce a microstructure with the required 
properties. In fact, sintering is at the heart of the ceramic fabrication process. Sintering allows the 
consolidation of a non-cohesive granular medium to become a cohesive material, whilst 
organizing the microstructure (size and shape of the grains, nature of the porosity, etc.). During 
the early stage of sintering, grain growth is limited, but surface diffusion and vapor transport 
might result in some coarsening of the microstructure. Changes that occur in this early stage have 
a significant influence on the microstructural evolution in the later stages. As the temperature 
increases, the grain growth increases and the ceramic body becomes denser. However, grain 
growth usually does not become pronounced until the final stage of sintering when the pores 
pinch off and become isolated. A region of significant densification then followed, with limited 
grain growth. After this, the opposite will happen where significant grain growth and reduced 
densification are observed. Generally, coarsening becomes prominent in the late intermediate and 
final stages of sintering.   
2.5.2 Thermodynamics of sintering 
 From a thermodynamics point of view, the surface of a solid has a surplus energy (energy 
per unit area: γSV, where S is for “solid” and V is for “vapor”) due to the fact that the atoms do not 
have the normal environment of the solid, which would minimize the free enthalpy. In a 
polycrystal, the grains are separated by grain boundaries whose extra energy (denoted γSS or γGB, 
where SS is for “solid-solid” and GB for “grain boundary”) is due to the structural disorder of the 
boundary. In general, γSS > γSV, and this implies that a powder lowers its energy level when it is 
sintered to yield a polycrystal. This reduction of system’s interfacial energies forms the 
Chapter 2 
Background and Theory: Porous Ceramics 
30 | P a g e  
 
thermodynamic engine of sintering. The mechanical energy is therefore the reduction of the 
system’s free enthalpy: 
∆𝐺𝑇 = ∆𝐺𝑉𝑜𝑙 + ∆𝐺𝐺𝐵 + ∆𝐺𝑆      (2-1) 
where ∆GT is the total variation of G and where Vol, GB and S correspond to the variation of the 
terms associated respectively with the volume, the grain boundaries and the surface.  
 The interfacial energy, where has the form G = γA (γ is the specific interface energy and 
A is its surface area), is lower in 3 ways: (1) by reduction of γ; (2) by reduction of the interface 
area; (3) by combing these effects. The reduction of γ is caused by the replacement of the solid-
vapour surfaces by grain boundaries since γSS is lower than γSV. The reduction of A is achieved by 
grain growth. For example, the coalescence of n small spheres with surface, s and volume, v 
results in a large sphere with volume, V = nv. However, its surface, S is less than ns. In reality, 
the term sintering includes four phenomena which take place simultaneously and often complete 
with one another: 
(1) Consolidation – the development of necks that “weld’ the particles together. 
(2) Densification – the reduction of the porosity. 
(3) Grain coarsening – the coarsening of the particles and the grains. 
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2.5.3 Pore evolution 
The probability of the survival of pores in the finished article is dependent on the free 
energy change that accompanies the change in pore size during sintering. When the pore shrinks, 
2 concurrent effects can be observed. Firstly, there will be a decrease in the free energy resulting 
from the decrease in the pore surface area. However, this will also result in the increase in the free 
energy due to the increase in the grain boundary area. Hence, for a pore to shrink, the decrease in 
the former must be greater than the increase in the latter. This equilibrium shape of the pore is 






       (2-2) 
where γsv and γgb are the interfacial tensions at the pore surface and in the grain boundary 
interface, respectively. Figure 2-6 shows the schematic of the pores in the ceramic solid with the 
balanced forces at the intersection of the pore and grain boundary.  
 
Figure 2-6: The equilibrium shapes of the pores in the ceramic solid governed by the balance 
forces between the surface and interfacial forces at the intersection of the pore and 
grain boundary.  
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 Consider a pore in two dimensions with a dihedral angle ψ = 120° surrounded by N 
grains. The number N is known as the pore coordination number. If N < 6, this implies that the 
pore has convex sides. However, if N = 6, the pore will have straight sides and if N > 6, the pore 
will have concave sides. The surface of the pore will have a tendency to move towards its center 
of curvature when N < 6, which essentially implies that the pore will shrink. On the other hand, 
the pore will grow when N > 6. In fact, it can be shown that the decrease in the pore surface 
energy is greater than the increase in the grain boundary energy in the former, while vice-versa 
for the latter. Finally, the pore is in a meta-stable state when N = 6, which is the critical pore 
coordination number, Nc. In this state, the decrease in pore surface energy exactly balances the 
increase in grain boundary energy. Further analysis of other dihedral angles can be performed; for 
example, Nc = 3 for ψ = 60°. The general trend is that Nc decreases with dihedral angle. In 
addition, this analysis can be extended to three dimensions geometric. From this discussion, it can 
be concluded that a poorly compacted powder containing pores that are large compared to the 
grain size will be difficult to densify, especially if the dihedral angle is low. Thus, to overcome 
the difficulty of densification, a fairly uniform pore size distribution by either pressing or by 
colloidal methods and a reasonably high green density of the compacts is needed to minimize the 
fraction of pores with N > Nc.  
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2.6 Macro-porous ceramic forming techniques 
In this section, the processing routes for the macro-porous ceramic, which can be 
generally classified into 3 methods [6], namely replica technique, sacrificial template method and 
direct forming method, will be thoroughly discussed. Figure 2-7 shows the schematic of the 
possible processing routes used for the production of macro-porous ceramics.  
 
Figure 2-7: Scheme of possible processing routes used for the production of macro-porous 
ceramics. (Adopted from Studart et al.[6]) 
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2.6.1 Replica technique 
 The replica method is based on the impregnation of a cellular structure with a ceramic 
suspension or precursor solution in order to produce a macroporous ceramic exhibiting the same 
morphology as the original porous material (Fig. 2-7). Schwartzwalder and Somers, who used 
polymeric sponges as templates to fabricate ceramic cellular structures of various pore sizes, 
porosities, and chemical compositions, first purposed this method. The advantages lie in the 
simplicity and flexibility of the method.  
 The general idea of the fabrication method can be summarized as such: A highly porous 
polymeric sponge is initially soaked into a ceramic suspension until the internal pores are filled 
with the ceramic material. This is followed by passing the impregnated sponge through rollers to 
remove the excess suspension, hence resulting in the formation of a thin ceramic coating over the 
struts of the original cellular structure. This wet coating should be viscous enough to prevent 
dripping. In addition, the ceramic suspensions should exhibit shear-thinning behavior to 
efficiently coat the polymeric template, which can be achieved using thixotropic and thickening 
additives such as clays, colloidal silica, carboxymethyl cellulose, and polyethylene oxide in 
combination with conventional dispersants. 
 The ceramic-coated template is then dried and pyrolyzed through careful heating between 
300 °C and 800 °C, whereby the slow heating rates (usually less than 1 °C/min) are used to avoid 
the pressure build-up within the coated struts. In addition, binders and plasticizers are added to 
the initial suspension to provide mechanical strength to the coatings to prevent cracking of the 
struts during pyrolysis. After the removal of polymeric template, the ceramic coating is densified 
by sintering ranging from 1100 °C to 1700 °C. Table 2-2 shows the literature review of macro-
porous of different chemical composition prepared using the sponge replica technique.  
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Table 2-2: Examples of replica methods reported in literature        
Replica Template Method & Precursors Ceramic Compositions 
Synthetic template 
Polymer foam Impregnation with ceramic suspension Al2O3 [29, 30], SiO2 [29], 
Al2O3-ZrO2 composite [29], 
MgO [29] 
 Impregnation with ceramic suspension SiC [31],                     
Al2O3-SiC composite [32] 
Carbon foam Chemical vapor infiltration (CVI) and 
deposition (CVD) 
SiC [33], SiO2 [33]  
Natural template 
Coral Impregnation with ceramic suspension Al2O3 
 Hydrothermal reactions Hydroxyapatite [34] 
 Sol-gel chemistry Hydroxyapatite [35] 
Wood Sol-gel using metal salts and hydroxides  ZrO2 [36, 37], Al2O3 [36, 
38], SiC 
 Infiltration of molten metal SiC [5] 
 Vapor infiltration and reaction with 
gaseous metals or metal precursors (CVI) 
SiC [5], Al2O3 [39] 
 
Porous ceramics obtained by the sponge replica method can achieve total open porosity 
of 40% to 95% with highly interconnected pores with sizes between 200 μm and 3 mm. However, 
predominant open porous structures are inevitable with this method, as the original cellular 
sponge has to be accessible for the impregnation of the ceramic suspension or precursor. Another 
disadvantage of the sponge replica technique is that the struts of the reticulated structure are often 
cracked during the pyrolysis of the polymeric template. 
This fabrication technique can be extended to fabricate multi-channeled honeycomb 
monolith [40], which is dominated by either extrusion or low pressure injection molding [41]. 
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Honeycomb ceramic monolith is of importance in applications such as automotive catalysis, 
combustion chambers and support for reforming reaction [42-44] as they offers a high gas flow 
rate and good structural integrity [45].  
2.6.2 Sacrificial template method 
The sacrificial template technique usually consists of the preparation of a biphasic 
composite comprising of a continuous matrix of ceramic particles or ceramic precursors and a 
dispersed sacrificial phase. This technique leads to the porous sintered materials displaying a 
negative replica of the original sacrificial template, which is ultimately removed during the 
sintering process. The biphasic composite is commonly prepared by: (1) Compression pressing of 
powder mixture, which comprises of a sacrificial material, (2) Forming a two phase suspension 
that is subsequently processed by wet colloidal routes such as slip, tape or direct casting, (3) 
Impregnating previously consolidated performs of the sacrificial material with a preceramic 
polymer or ceramic suspension.  
A wide range of sacrificial materials, both natural and synthetic compounds have been 
used as pore formers. Table 2-3 illustrates some examples obtained from recent literature. The 
sacrificial materials are often removed at temperatures between 200 °C and 600 °C, depending on 
the structure and thermal stability of the material. It can be seen from sacrificial template 
technique is quite flexible with to the possible chemical compositions that can be used in the 
fabrication process. However, the relative long periods required to completely remove the pore-
formers and the extensive amount of gaseous by-products generated are viewed as the 
disadvantages of this method. 
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Table 2-3: Examples of sacrificial template methods reported in the literature  
Sacrificial Template Ceramic Compositions 
Synthetic organics 
PVC beads Al2O3 
PS beads SiO2, TiO2 
Cellulose acetate Al2O3, SiO2 
Nylon SiC 
Natural organics 
Starch Al2O3 [46], Si3N4 [47], YSZ[48] 
Cellulose  Al2O3 [49] 
Alginate Al2O3 [50] 
Liquids 
Freeze-drying (Water) Al2O3 [51] 
Emulsion (Oils) Al2O3 [52], SiO2 [53] 
Others 
Nickel YSZ [54], Al2O3 [54] 
 
2.6.3 Direct foaming method 
 In direct forming methods, porous materials are produced by incorporating air into a 
suspension or liquid media, which is subsequently set in order to maintain the structure of air 
bubbles created (Fig. 2-7). The consolidated foams are then sintered at high temperatures to 
induce mechanical strength to the final product. The total porosity of the foamed ceramics is 
proportional to the amount of gas incorporated into the suspension or liquid medium during the 
forming process while the pore size is determined by the stability of the wet foam before setting 
takes place. The working principle of this method lies in the fact that wet foams are 
thermodynamically unstable and it undergo continuous Ostwald ripening and coalescence 
processes in order to decrease the foam overall free energy. This destabilization significantly 
increases the size of incorporated bubbles, resulting in large pores in the final cellular 
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microstructure. Hence, stabilization of air bubbles in the initial suspension or liquid media is 
critical for the direct foaming methods. Generally, two main approaches have been used: 
stabilization with surfactants and stabilization with particles (Table 2-4).   
Table 2-4: Examples of direct foaming methods reported in literature     
Foam setting Air incorporation Ceramic 
Compositions 
Surfactant-stabilized foams 
In situ polymer blowing/setting   
Thermosetting of polyols and 
isocyanates (polyurethane precursors) in 




Solidification of thermoplastic polymer 
polystyrene upon cooling 
Physical blowing: pentane Al2O3 
Thermosetting (condensation) of 
preceramic silicone-based polymers  
Physical blowing: pentane 
[55], Freon [55] 
SiO2 [55] 
Sol-gel setting   
Condensation of metal hydroxide and 
alkoxides species 
Freon [56], mechanical 
frothing in the presence of 
surfactants [57] 
SiO2 [56, 57] 
Gelcast setting   
Temperature-induced setting of 
polysaccharides: sucrose, agar 
  
Particle-stabilized foams 
Particle coagulation; pH and ion-induced 
gelation of oligomers and monomers 
Mechanical frothing in the 
presence of hydrophobized 
colloidal particles  
ZrO2, SiO2 [58] 
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Chapter 3 : Background and Theory for Carbon Membrane 
 
Abstract 
Polymeric based material has been researched extensively in membrane technology but 
recent literature seems to suggest stagnancy in terms of performance. Alternative membrane 
materials such mixed matrix, zeolite, ceramic and carbon offer potentially improved performance 
in harsh working conditions. This chapter begins with an introduction and overview on carbon 
membrane. The fabrication process of the carbon membrane is reviewed and the important factors 
that have a strong influence on the final pore structures are discussed in details. They include 
selection of polymeric precursors and pyrolysis conditions. The mechanisms on the possible gas 
transportation phenomenon are also included.  
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3.1 Introduction   
Membrane technologies are crucial to a variety of industrial process applications 
including gas separation and water purification. Since membranes are energy efficient and more 
economical than other methods for separation, considerable research has been carried out to 
develop in this area. In particular, carbon membrane or more specifically carbon molecular sieve 
(CMS) membrane has been touted as an excellent candidate for gas separation due to its high 
thermal and chemical stability as compared to the conventional polymeric membranes. This 
unique properties allow carbon membranes to be used in the separation process with high 
temperature in the range of 100 °C to 900 °C, while polymeric membranes begin to decompose at 
such high temperatures [59]. Its chemical stability also allows its application in corrosive 
environment such as organic vapor or solvent [60, 61]. In addition, its time independent 
permeation properties [60] permit greater operating life [62], which is a crucial factor in the 
practical applications.  
However, carbon membranes do have its drawbacks too. The inherent brittle and fragile 
nature requires carbon membranes to be handled with care [59]. This can be very demanding 
when integrating carbon membranes to the industry. More importantly, carbon membranes only 
displayed high selectivity for certain gas mixture, which is limited to gases with molecular sizes 
smaller than 4.0 Å to 5.0 Å [63]. Thus, gas mixtures such as iso-butane/n-butane and 
H2/hydrocarbon cannot be separated efficiently. As a result, the application of carbon membranes 
as industrial gas separators is affected.  
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Figure 3-1: Configurations of carbon membranes 
Carbon membranes can be broadly divided into two categories: unsupported and 
supported carbon membranes [64]. Supported, asymmetric membranes constitute of a thin and 
dense film of carbon membrane supported with a porous plate while unsupported membranes 
refer to a self-supporting carbon film. Specifically, unsupported membranes have three different 
configurations: flat, hollow fiber, and capillary, while supported membranes contain two 
configurations: flat and tube. Figure 3-1 shows the configurations of carbon membranes. The 
configurations of carbon membranes affect the efficiency of a membrane separation process [65]. 
One important consideration during the fabrication design is the poor mechanical stability of 
carbon membranes. This is especially significant in the case of hollow fiber configurations as 
they are self-supporting. In this thesis, the research focus is on flat, supported carbon membrane. 
 
3.2 General preparation of carbon membrane 
The interest in developing carbon membranes by pyrolyzing polymeric precursors grew 
rapidly after Koresh and Soffer successfully prepared the apparently crack-free molecular sieving 
hollow fiber membranes by carbonizing cellulose hollow fiber [66]. These CMS membranes are 
Carbon Membranes 
Unsupported 
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characterized by high selectivity in gas separations due to their micropores with diameter of 0.3 – 
0.5 nm. Since then, many authors have reported on the preparation procedure from polymeric 
precursors.  
For the case of supported, asymmetric membranes, the polymer can be applied to the 
support via ultrasonic deposition [14], dip coating [67], spin-coating [68], and other equivalent 
methods. As a consequence of the shrinkage of the polymer material during pyrolysis, the coating 
procedure has to be repeated until a defect-free membrane is formed. In general, the fabrication 
steps of carbon membranes involve six important steps as shown in Figure 3-2. Among these 
steps, the precursor selection and the pyrolysis process are regarded to be the most important step 
in the carbon membrane production process. In the following section, the selection of precursor 
and pyrolysis process will be discussed in detail.   
 
Figure 3-2: Carbon membrane fabrication process 
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3.3  Selection of polymeric precursors 
The selection of polymeric precursor is a key consideration factor in carbon membrane 
preparation, as different precursors will result in disparate carbon membranes even under the 
application of the same pyrolysis conditions. Generally, the requirements of polymeric precursors 
for carbon molecular sieving membrane include the ability to retain their structural shape at any 
stage of the pyrolysis process, and having thermosetting characteristics in order to withstand the 
high temperature heat treatment without softening and decomposing rapidly and abruptly [69]. 
These characteristics are said to be critical to fabricate a crack-free carbon membrane. Carbon 
membranes with non-selective pores (i.e. pores in the meso or macro range) are often fabricated 
from the pyrolysis of polymeric precursors that degrade quickly and suddenly [70]. Thus, many 
thermostable polymers such as polyfurfuryl alcohol (PFA) [71], polyetherimides [72] and 
polyimides [73] were used for the production of carbon membranes.  
3.3.1 Polyimides and its derivatives 
Among these polymers, abundance of publications has ascertained the prominent position 
of polyimides for producing carbon membranes of good separation and mechanical properties. 
This is believed to be attributed to the distinctive properties of polyimides such as rigidity, high 
melting point and glass transition temperature while sustaining good chemical and thermal 
stability [4]. In addition, aromatic polyimides with high carbon content in turn produce carbon 
membranes with high carbon yields. More significantly, polyimides display graphitization 
characteristics (i.e. the ability to form crystalline graphitized film) while maintaining their 
structural shapes after high temperature pyrolysis treatment [74]. Such structures might play an 
important role in the separation of gas molecules.    
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Figure 3-3: (a) Structure of Kapton (b) Structure of Matrimid 5218 
 
There are various classes of polyimides but particular interest have involved 
commercially available polyimides such as Kapton and Matrimid 5218 (Fig. 3-3). Kapton is a 
polyimide film developed by Dupont and can be synthesized from condensation of pyromellitic 
dianhydride (PMDA) and oxydianaline (ODA). Kapton is thus often referred to as PMDA-ODA 
due to the monomers used. Matrimid 5218, on the hand, is sometimes referred to as 
benzophenone tetracarboxylic dianhydride (BTDA)-diaminophenylidene and is available through 
Ciba Specialty Chemicals [75]. The separation performances of these materials as polymeric 
precursors to produce carbon molecular sieve membranes are shown in the following table: 
Table 3-1: Gas separation performances of carbon molecular sieve membranes derived from 
commercially available polyimides 
Precursor Pyrolysis Temp (oC) 
Permeability (Barrels)  Selectivity 
Ref. 
PO2 PCO2 PN2 PCH4  O2/N2 N2/CH4 CO2/CH4 CO2/N2 
Kapton 950 1.57 7.79 0.084 -  18.7 - - 92.7 [76] 
Kapton 600 383 1820 81.6 -  4.7 - - 22.2 
[77] Kapton 800 34.8 128 3.04   11.5 - - 42.2 
Kapton 1000 0.96 4.15 0.04 -  23.4 - - 101 
Matrimid 650 6 10 2.22 1.82  2.6 1.22 5.5 4.5 
[73] 
Matrimid 450 1 2.5 0.17 0.17  5.9 1 15 15 
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No doubt carbon membranes derived from polyimides exhibit good gas separation 
properties; however, most of the commercially available polyimides are expensive, and some are 
only obtainable at laboratory scale [78]. Therefore, plenty of research studies have directed their 
focus on finding novel polymeric precursors that could produce carbon membranes of equivalent, 
or even better gas separation properties.  
3.3.2 Phenolic resin 
Most of the commonly used polymers as a precursor for CMS membranes such as 
polyimides and PFA are expensive and may not be easily obtainable in the market. Hence, their 
use in the industry is limited and not economically viable if implemented on a wide or plant-scale 
basis. Unlike their polyimide and PFA, phenolic resin present a more lucrative and attractive 
alternative for precursors of carbon membranes. They have the following advantages [79]: (1) 
Low cost with many applications in several different areas; (2) Carbonization produces a carbon 
membrane with molecular sieving properties capable of binary gas separation processes; (3) High 
carbon yield after the carbonization process. 
In this area, Fuertes and co-workers have researched extensively and successfully 
synthesized a defect-free CMS membrane derived from phenolic resin supported by a porous 
carbon substrate. The method of preparation of the polymeric membrane involves spreading a 
small quantity of a novolak-type phenolic resin onto a finely polished porous carbon support 
using the spin coating technique at 5000 rpm for 10 minutes. The supported thin phenolic resin 
film is then pretreated in air at 150 °C for 2 hrs before carbonization under vacuum at 
temperatures between 500 and 1000 °C. The supported carbon membrane was then sent for 
permeation tests involving separation of binary gas mixtures of CO2/N2 and CO2/CH4 [80]. 
 
Chapter 3 
Background and Theory: Carbon Membrane 
46 | P a g e  
 
The result was an almost defect-free carbon membrane of about 2 µm, exhibiting 
molecular sieving properties and showing good adhesion to the porous carbon substrate. Gas 
permeation tests at 25 °C for carbon membranes prepared by carbonization at 700 °C showed 
promising results with separation factors of CO2/N2 ≈  45 and CO2/CH4 ≈  160 [80]. They 
observed that increasing the carbonization temperature from 500 up to 700 – 800 °C increases the 
pore size; hence increasing the porosity and decreasing selectivity. Heating at higher temperatures 
causes the pores to shrink and disappear, making it almost non-porous to gases [80]. 
Later, Zhou et al. improved the process by doping the phenolic resin with sulfonic acid 
groups [81]. The purpose was to increase the free volume in the carbon matrix and in controlling 
the pore size distribution as the carbonization of such doped-phenolic resin produces large 
quantities of small gaseous molecules like SO2 and H2O. Carbon membranes fabricated by 
carbonization at 500 °C for 1.5 hrs showed separation factors of 65, 27 and 5.2 at 35 °C and 1 atm 
for binary mixtures of H2/CH4, CO2/CH4 and O2/N2. Detailed procedures of the preparation 
method were described in his paper. 
3.3.3 Polyfurfuryl alcohol 
 PFA is an amorphous polymer with a non-graphitizable structure, and potentially a good 
precursor to prepare CMS membrane. Moreover, PFA is a thermosetting resin with a high carbon 
yield [82]. Since PFA is a liquid at room temperature, essentially all membranes obtained from 
PFA are asymmetrical membranes, i.e. the PFA derived carbon membranes are supported by a 
porous substrate. PFA derived carbon membranes are chemically stable and have a narrow pore 
size distribution [83]. Acharya and Foley were the first to develop a spray-coating technique to 
coat the polymeric solution containing PFA in acetone onto porous stainless-steel disks [84]. The 
disks were dried and later carbonized in an inert atmosphere at 600 °C. Shiftlett and Foley later 
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improved the technique by using an ultrasonic deposition (UD) technique to form a thin film on 
the stainless steel disks. This UD technique improved the O2/N2 permselectivity from 2.7 – 3.7 in 
the former work to 2 – 30 in the latter work [14]. 
Strano and Foley furthered the studies by including a metal catalyst precursor. PFA was 
added to an equal amount by weight of an acetone solution containing a measured amount of Pt 
(II) acetyl acetonate (Pt (C5H7O2)2) that is soluble in a PFA solvent. The polymeric solution was 
then spray-coated onto the stainless-steel disks and carbonized at 500 °C in a He atmosphere for 
2 hrs. The resulting carbon membrane possesses a permselectivity of 4.9 for a binary gas mixture 
of O2/N2 which is similar to the previous two works described [85]. 
Because of its simple molecular structure, it does not appear to have the best mechanical 
and elastic properties required for thin-film formation on a rigid support. Ironically, PFA is in 
liquid state at room temperature and formation of supported films remains the practical 
fabrication method [83]. Compared to polyimides, PFA are relatively resistant to graphitization 
because of its high cross-linking density in the PFA polymeric membrane film and graphite 
formation requires higher temperatures and longer holding times [82]. However, carbonization at 
higher temperatures may cause the carbon matrix to lose its structure. The lack of graphite 
formation may be the reason for the low permselectivity of PFA-derived carbon membranes. 
3.3.4 Polyacrylonitrile 
Carbon fiber reinforced composites have established a significant importance in the sense 
that it is light in weight but yet possess properties that make it suitable for usage and applications 
in the engineering and transporting sectors [86]. These composites have high resistance to failure, 
creep and fatigue at normal or elevated temperatures. In particular, polyacrylonitrile-based (PAN) 
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fibers account for nearly 90 % of all sales worldwide  with reported tensile strengths of as high as 
7.1 GPa and a Young’s modulus of as high as 290 GPa [86].  
The rationale of employing PAN as a precursor to carbon membrane is that PAN forms 
thermally stable and highly oriented molecular structure at low temperature heat treatment. The 
integrity of the structure remains intact even when carbonized at higher temperature, essentially 
ensuring a carbon matrix with good mechanical properties. This overcomes brittleness problem 
associated for an unsupported carbon membrane. In addition, there are several other advantages 
of using PAN. One advantage is that PAN fibers have a high degree of molecular orientation, 
making it suitable for gas separation as it allows only certain molecules to permeate through [87]. 
Another advantage of PAN fibers is its higher melting point of 317 – 330 °C, making pre-
treatment at higher temperatures possible; and a greater yield of the carbon fiber. In short, it is 
possible to synthesize carbon matrix from PAN as the starting material that are thermally stable, 
highly oriented and possessing good mechanical strength. 
Schindler et al. were the first involved in the preparation of the PAN-based carbon 
membranes based on their US patent published in 1990 [88]. Their membrane was synthesized 
from the carbonization of the PAN precursor at temperatures ranging from 800 to 1600 °C in an 
inert N2 atmosphere. This results in the formation of membranes which have through-going and 
interconnected pores [88]. They have successfully manufactured a porous capillary membrane 
from PAN which is pretreated in hydrazine hydrate solution in an N2 atmosphere to reduce 
shrinkage which could cause cracking of the resulting carbon membrane. The membrane is then 
carbonized at 1200 °C in N2 which resulted in a carbon membrane having a maximum pore 
diameter of 0.3 microns [88]. 
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Linkov et al. later blended acrylonitrile with methacrylate copolymer with different 
intrinsic viscosities before the suspension-polymerization method is employed to obtain the 
polymeric precursor membrane [89]. Pretreatment was carried out by heating to 265 °C in air or 
N2 and then carbonized at 600 °C up to 950 °C. The result was a membrane with 3 different 
structural zones; an inner layer of coarse pores of 3 to 7 microns, finger-like channels and a dense 
outer skin. Linkov further improved the method by further blending with polyethylene glycol 
(PEG) and polyvinylpyrrolidone (PVP) which resulted in uniform pores in the range of 50 – 400 
nm [90]. 
Despite the good mechanical properties of PAN-based carbon membranes, the porosity is 
low and the formation of pores is difficult to control [89]. Furthermore, Linkov stated in his work 
that attempts to reduce the pore size (50 – 400 nm) were unsuccessful as there is considerable loss 
in total pore volume and a decline in the pore distribution per unit area of membrane surface [90]. 
As a result, PAN based carbon membranes are capable only in the macro-pore range. This is 
insufficient in terms of N2/CH4 gas separation which requires the pore distribution to be in the 
micro-pore range with molecular sieving capabilities such that the pore size is relatively close to 
the kinematic diameter of the gas to be separated.  
3.4 Pyrolysis process 
Pyrolysis is a process in which a suitable carbon precursor is heated in a controlled 
atmosphere, either vacuum or inert, to the pyrolysis temperature at a specific heating rate for a 
sufficiently long thermal soak time. This creates a certain microporosity of molecular dimensions 
that is responsible for the molecular sieving properties that exist in the carbon matrix. During 
pyrolysis process, byproducts of different volatilities are produced. These include ammonia, 
hydrogen cyanide, methane, hydrogen, nitrogen, carbon dioxide, carbon monoxide and others, 
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depending on the precursor used [91]. The polymer precursors are either initially cross-linked or 
become cross-lined during pyrolysis, which prevents the formation of large graphite-like crystals 
during carbonization. This in turn leads to the formation of disordered structure with a very 
narrow porosity [68]. Pyrolysis creates an amorphous carbon material that exhibits a distribution 
of micropore dimensions with both short-range order pore sizes and ultra-micropores. The former 
connect the ultra-micropores while the latter allows molecular sieving process for gas separation 
[92]. Figure 3-4 shows a schematic diagram on the idealized structure of a pore in a carbon 
material where the origin of the pores is believed to come from the turbostratic graphite packing 
of a carbon matrix [93].  
 
Figure 3-4: Idealized structure of a pore in a carbon material where the pores of the carbon 
matrix are believed to be originated from the turbo-graphite packing of the matrix.  
 
 The pore structure can be controlled selectively by adjusting the various process 
parameters such as pyrolysis temperature, heating rates, thermal soak times, and type of pyrolysis 
atmosphere.  
 Pyrolysis temperature has a major influence on the carbon membrane properties in terms 
of the membrane structure, separation performance (permeability and selectivity) and the 
Chapter 3 
Background and Theory: Carbon Membrane 
51 | P a g e  
 
transport mechanism for gas separation. Although the optimum temperature required depends on 
the type of precursor used, generally an increase in the pyrolysis temperature will result in a 
decrease in gas permeability and an increase in selectivity. This is because the increase in 
pyrolysis temperature will lead to a carbon membrane with a denser and more turbostratic 
structure, higher crystallinity and smaller average interplanar spacing. However, further increase 
in pyrolysis temperature will result in a non-selective carbon layer due to the formation of meso 
pores, a consequence of the thermal stress occurred within the carbon matrix at elevated 
temperature.   
 The thermal soak time is usually used to fine-tune the transport properties of gas 
molecules in a carbon membrane. It is widely believed that microstructural rearrangement of the 
carbon structure occurs during this process, thus changing the pore size distribution and the 
average porosity of carbon matrix. Thermodynamically, a more stable carbon matrix is obtained 
with increase in thermal soak time, hence minimizing the aging problem often associated with 
carbon membrane.  Studies have showed that increase in thermal soak time would increase the 
selectivity of carbon membranes [78, 87]. However, there seems to be an optimum soak time with 
regards to permeability of the carbon membrane. According to David et al, a short thermal soak 
time (10 min) resulted in a low permeability carbon membrane based on polyacrylonitrile [94]. 
The rationale is that the membrane only underwent partial carbonization, resulting in a top non-
porous polymeric layer. Although increased in soaking time to 2 hrs increased the permeability of 
the carbon membrane, a further increase in thermal soak time to 3 hrs reduced the permeability 
due to the closure of the pores. Steel and Koros also observed a decreased in permeability of a 
polyimide based carbon membrane at low pyrolysis temperature (650 °C) with an increased in 
thermal soak time from 2 hrs to 8 hrs [95]. 
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 Heating rates will determine the evolution rate of volatile component from a polymeric 
membrane during pyrolysis and subsequently affect the formation of pores in carbon membranes. 
Although heating rates ranges from 0.2 to 13.5 °C/min, lower heating rates are preferred for 
fabrication of small pores and to increase of carbon crystallinity and eventually, to produce 
carbon membranes with higher selectivity. Nonetheless, low heating rates imply a longer 
fabrication duration and consequently, higher cost. On the other hand, higher heating rates may 
result in the formation of pinholes, microscopic crack, blisters and distortions due to the large 
release of volatile groups from the matrix; hence, render the membranes useless. Thus, an optimal 
rate is needed to maximize the performance of the carbon membrane and the cost of fabrication.  
Last but not least, the pyrolysis atmosphere has an influence over the performance of the 
membrane. Two contrary results of effect of pyrolysis atmosphere were reported. On one hand, 
Kiyono et al. demonstrated that vacuum or inert gas environment has little impact on selectivity 
and permeability of fluorinated polyimide based carbon membrane [96]. Oppositely, Su and Lua 
investigated carbon membrane based on polyimide (Kapton) produced from different inert gases 
atmosphere and vacuum and concluded that the permeability was the lowest for the vacuum case 
and the highest for argon gas [97]. Therefore, the effect of atmosphere is unique to each 
polymeric system during pyrolysis. 
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3.5 Transportation mechanism in CMS membrane 
Gas transport through a porous plug can involve several processes, depending on the 
nature of the pore structure and the solid. Generally, four different idealized mechanisms are 
available: Viscous flow, Knudsen diffusion, surface diffusion (including partial 
condensation/capillary condensation, selective adsorption/surface diffusion) and molecular 
sieving [98]. Figure 3-5 shows the classification of their gas transport mechanisms with the 
ranges of pore sizes that correspond to each mechanism. Essentially, the gas transport mechanism 
through these porous carbon membranes is the same as that in other inorganic porous membranes.  
 
Figure 3-5: Types of carbon membranes and transport mechanisms. (a) Carbon molecular 
sieving membrane, (b) nano-porous carbon membrane, (c) meso-porous carbon 
membrane, (d), macro-porous carbon membrane.  
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3.5.1 Viscous flow 
Viscous flow occurs when the pore diameter is greater than the mean free path of the gas 
molecule. In this situation, the intermolecular collisions of the gas molecules predominate and the 
transportation of these gas molecules through the porous membranes are primarily influenced by 
the pressure or concentration gradient. Such transportation mechanism is non-selective.  
3.5.2 Knudsen Diffusion 
When the pore size is reduced to sizes below 0.1 µm, the main transport mechanism is 
Knudsen diffusion. This pore diameter is small enough to allow the molecules to interact 
primarily with the pore wall, rather than with each other [75]. Knudsen diffusion is dominant for 
pores that range in diameter between 2 to 50 nm, and can be described using Equation (3-1) [99]: 
 𝐷𝐴,𝐾 = 97.0𝑟𝑝( 𝑇𝑀𝐴)1/2       (3-1) 
where DA,K is the Knudsen diffusion coefficient; rp is the pore radius; T is the absolute 
temperature, and MA is the molecular weight of component A.  
When the separation of two gases is considered, the separation factor will be based on the 
differences in molecular weight. Hence, the selectivity of a gas pair based on Knudsen diffusion 
can be expressed as the square root of the reciprocal molecular weight ratio: 
𝛼𝐴
𝐵
,𝐾 =  𝐷𝐴,𝐾 𝐷𝐵,𝐾 = �(𝑀𝐵𝑀𝐴)     (3-2) 
Thus, when separation of two gases is considered, the separation factor will be based on the 
differences in molecular weight. From Equation (3-2), it follows that for gas pairs of similar 
molecular weight, selectivity approaches unity signifying that the selectivity based on Knudsen 
diffusion is very low. 
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3.5.3 Surface Diffusion 
Surface diffusion can have a significant effect on the obtained separation if one or more 
components in the feed have an affinity to the membrane material. A molecule can adsorb on the 
pore wall and subsequently pass through the pore whilst diffusing over the surface of the pore 
wall. Surface diffusion occurs independent of the pore size.  
Selective adsorption takes place when one or more gas components of the feed stream are 
preferentially adsorbed into the membrane. Subsequently, the diffusion of the adsorbed 
components across the membrane from sorbed site to sorbed site takes place [100]. Therefore, 
high selectivity is achieved when adsorption-selective carbon membranes separate non-
adsorbable or weakly adsorbable gases such as O2, N2 and CH4 from adsorbable gases such as 
NH3, SO2 and H2S. The separation efficiency is dependent on the pore size and the 
physiochemical nature of the pore surface. Specifically, the difference between the structure of 
selective-adsorption carbon membranes and carbon molecular sieve membranes concerns the 
micro-pores. Selective-adsorption carbon membranes have a carbon film with micro-pores 
slightly wider than carbon molecular sieve membranes, approximately in the range of 5 to 7 Å 
[101]. 
3.5.4 Molecular Sieving 
When the pore size is further reduced below the kinetic diameter of one of the feed 
components, molecular sieving can take place. Some of the molecules can enter the pore, whereas 
others are denied entrance solely based on their size. Molecular sieving depicts the highly 
restrictive diffusion nature of carbon membranes that contain constrictions in the carbon matrix 
that approach the molecular dimensions of the gas components [102]. At these constrictions, the 
interaction energy between the gas molecule and the carbon consists of both dispersive and 
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repulsive interactions. When the opening becomes sufficiently small relative to the size of the 
diffusing molecular, the repulsive factor dominates. Thus, the molecule adsorbed in the micro-
pores needs to obtain the required activation energy to overcome the repulsive forces caused by 
the walls of the micro-pores. Diffusion in molecular sieves is an activated process and can 
therefore be described using Equation (3-3) [103]: 
 𝐷𝐴,𝐾 =  𝐷𝐴,𝑂𝑒𝑥𝑝 (−𝐸𝐷𝑅𝑇 )     (3-3) 
where DA,M is the molecular sieving diffusion coefficient; DA,O  is the pre-exponential term; ED is 
the activation energy of diffusion; R is the ideal gas constant, and T is the absolute temperature.  
The activation energy of diffusion depends primarily on the size of the micro-pores and 
the size of the gas penetrant. Smaller penetrants need lesser activation energies and diffuse 
through much faster larger penetrants. High selectivity can be obtained when the pore size 
approaches the size of the desired penetrant molecule, thus being able to separate the gas 




Background and Theory: Carbon Membrane 
57 | P a g e  
 
3.6  Carbon molecular membrane performance for gas separation 
3.6.1 Robeson Plot 
The performances of gas separation membranes are often analyzed using the Robeson 
Plot. The Robeson Plot arises due to the trade-off between selectivity and permeability of gases. 
Figure 3-6 shows a typical Robeson Plot for H2/CH4. Robeson Plot can be used to compare 
membranes made from different materials and from different manufacturers. Robeson Plot is a 
log-log scale plot of separation factor against permeability. Separation factor, α, which is the ratio 
of permeability of the more permeable gas to that of the less permeable species, was plotted as a 
function of the permeability of the more permeable gas using a log-log scale. It was found that 
after the data for a large number of different membranes were plotted, all the data points clustered 
below a critical upper bound. The upper bound is also known as the “line of death” as few 
membranes are able to reach combinations of selectivity and permeability above that limit.  
 
Figure 3-6: Robeson plot on the performance of H2/CH4. 
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3.6.2 Important gas separation for carbon membrane 
Carbon Dioxide/Methane Gas Pair 
Separation of carbon dioxide and methane is especially important in the usage of natural gas as an 
alternative energy source. Although methane is a major component in natural gas, the presence of 
a few percentages of carbon dioxide decreases the heat value of natural gas remarkably. 
Furthermore, carbon dioxide reacts with water to produce carbonic acid in moist conditions, 
which will in turn corrode both the equipment as well as pipes in transportation. Hence, removing 
carbon dioxide from natural gas is an important field of study. 
Carbon Dioxide/Nitrogen Gas Pair 
With the rise of green technology, separation and capture of carbon dioxide from flue gas has 
attracted global attention for greenhouse gas emission control. Flue gas consists of mostly 
nitrogen derived from the combustion air, carbon dioxide and water vapor. Separation of carbon 
dioxide from the flue gas is crucial as carbon dioxide is believed to be the most important 
greenhouse gas, accounting for about 60 % of the greenhouse gas effect. Excessive release of 
greenhouse gases will result in an increase in global temperatures leading to rising sea levels, 
changes in ecosystems, loss of biodiversity and reduction in crop yields. Hence the separation of 
carbon dioxide from flue gas has been targeted as a major issue in environmental science.  
Hydrogen/Methane Gas Pair 
With the depletion of global oil and gas reserves and increasing concerns over climate change, 
extensive research has been conducted to find a new clean and abundant source of primary 
energy. Hydrogen has been identified as an attractive substance that can be used to store and 
transport such primary energy. In order for hydrogen to be used, a pipeline-based hydrogen 
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distribution network needs to be constructed. However, this will be both expensive and time 
consuming. Hence, to utilize the existing natural gas infrastructure, hydrogen will be mixed with 
natural gas at the point of production and the separation of hydrogen and methane will be critical 
at the point of use of the hydrogen.  
Hydrogen/Carbon Dioxide Pair 
Hydrogen has been expected to be a primary energy source for automobiles and other energy 
applications in the coming years. One of the methods of producing hydrogen is by coal 
gasification which produces synthesis gases. Synthesis gases contains of mainly carbon monoxide 
and hydrogen. During pyrolysis, carbon monoxide reacts with hydrogen to undergo water-gas-
shift reaction resulting in the formation of carbon dioxide. Hence, in order for purified hydrogen 
to be made available, efficient separation of carbon dioxide from hydrogen has to be achieved. 
Methane/Nitrogen Pair 
The separation of nitrogen from methane is becoming increasingly important for natural gas 
recovery and enhanced oil recovery. Natural gases, which contain large amounts of nitrogen, are 
considered to be sub-quality. In order to make use of natural gas reserves containing significant 
levels of nitrogen contamination, separation of nitrogen from methane has to be conducted 
efficiently. 
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Chapter 4 : An In-Situ Approach to create Porous Ceramic Membrane: 
Polymerization of Acrylamide in a Confined Environment 
 
Abstract 
A new processing method for the fabrication of porous ceramic membrane has been 
developed via a three-step procedure: by uniformly distributing a solid vinyl monomer (e.g., 
acrylamide) into a green object of ceramic through wet chemistry mixing and compression 
molding; polymerizing the monomer in a highly compact surrounding, leading to the formation of 
embedded chain assemblies of polyacrylamide; and removing the polymer via carbonization and 
calcination. This in-situ pore-forming strategy grants less tortuous and well interconnected pore 
channels in contrast to the approach of using polymeric porogen such as starch or cellulose. The 
weight% of initiator and duration of polymerization were scrutinized using thermal analysis, 
electron microscopy and Hg porosimetry to understand their influences on the porous structure of 
sintered ceramic membrane and ultimately its gas permeability. The advantage of this pore-
forming method lies in the fact that the monomer can be homogenously distributed in the green 
object in a confined space and the polymer chains formed during the in-situ solid state 
polymerization can develop space occupancy through chain penetration and association; thus 
leaving behind interconnecting pore channels and more open pores after they were removed 
eventually. In this chapter, it has been shown that the resulting porous ceramics manifests a 
marked improvement (20 % to 80 %) in gas permeability over those fabricated by using starch as 
the pore-former. Furthermore, the porous ceramics fabricated by the new method exhibited higher 
rapture resistivity on a similar porosity basis. 
Chapter 4 
An In-situ Approach to create Porous Ceramic Membrane 
61 | P a g e  
 
4.1 Introduction 
Porous ceramic objects have gained remarkable popularity in various engineering and 
industrial applications over the years due to their thermal and chemical stability in severe 
environments such as high temperatures, redox atmospheres, and corrosive liquids. Moreover, 
ceramic materials offer relevant mechanical reliability and durability necessary for these 
operations. Major applications of porous ceramics include supports for catalysts, membranes and 
filters for waste water purification or bacteria removal, separators in solid oxide fuel cells 
(SOFCs), and biological media [17, 18, 24]. 
Traditionally, a porous ceramic object is created by sintering a powder assembly in a 
certain shape (known as green ceramic object), which is prepared by powder molding with the aid 
of a suitable polymer binder, at a non-densification temperature [104]. A sintered product could 
exhibit a high porosity, but it very often lacks sufficient mechanical strength necessary for real 
industrial applications. Recently some new processing techniques such as pulse electric current 
sintering [105-107], freeze-dry processing [108-110], and hydroxide decomposition methods 
[111] were developed to meet various requirements. However, the use of pore-formers such as 
carbon black or polymer filler, e.g., starch, methylcellulose, and carbon wax, to achieve high 
porosities remains a popular choice in ceramic processing due to their low cost and easy handling 
[24, 47, 112-115]. These combustible components are easily removed by oxidation, leaving void 
pores to the sintered ceramics.  
There is normally a percolation volume fraction of the pore-former used against fluid 
permeability of the sintered ceramic object finally obtained. Below this percolation value, fine 
pores formed exist separately, and pore channels are severely disconnected between one another, 
a low permeability is therefore presented. However, with a volume fraction of pore former above 
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the percolation value, the desired permeability can be realized but at the cost of mechanical 
properties. A trade-off between these properties is usually made for industrial applications. The 
root cause of this limitation lies in the fact that the pore-former used does not form a continuous 
phase at a relatively low loading level in the green object due to thermodynamic incompatibility 
between ceramic particles and pore-former (or porogen). In general, using an insoluble porogen 
like carbon black, agglomeration of particles in the green object prevents its pore-forming effect. 
Similarly for the use of polymer porogen, albeit a relatively lower percolation value could be 
achieved due to inclusion by the wet chemical means, the self-coiling tendency of polymer in the 
green object could still result in a significant reduction in the pore forming effect.    
 
Figure 4-1: Schematic drawing of the pore-forming strategy 
 
In this study, we demonstrated the concept of forming a polymeric porogen in-situ in a 
ceramic green body – namely the production of polymer from its monomer in the compact 
environment. Figure 4-1 illustrates the idea of this pore-forming strategy. With this methodology, 
the drawbacks associated with the conventional pore-forming method will be largely lessened, 
primarily because smaller sized monomer can achieve a higher degree of uniformity in the green 
object than its large-molecular-weight counterpart. Furthermore, shorter molecular chains are 
generated in this constraint polymerization environment, and thereby minimizing the effects of 
Chapter 4 
An In-situ Approach to create Porous Ceramic Membrane 
63 | P a g e  
 
random coiling and entanglement, which are thermodynamic tendencies of long polymer chains. 
Therefore, the generation of thin pore channels and lowering of the percolation threshold can be 
achieved simultaneously.    
Polymerization of vinyl monomer in a ceramic environment has been exploited in 
gelcasting process [116, 117], a ceramic forming process in fabricating complex-shaped bodies. 
However, this type of polymerization differs from our present system in two ways: the 
polymerization is carried out in a slurry mixture and a high loading of monomer is required. The 
monomer and initiator chosen in this study are acrylamide and ammonium peroxodisulfate as 
acrylamide exists in solid state at the polymerization temperature, which is a necessary condition 
for the molding to form a green object. This selection is also related to the fact that acrylamide is 
known to undergo spontaneous thermal polymerization reaction in the presence of initiators [9] or 
by ionizing radiation technique [10, 11]. Yttria-stabilized (8 mol %) zirconia (YSZ) was selected 
to examine this novel pore-forming concept primarily because of the assessments as listed below: 
Porous YSZ structure is vital to the optimization of the anode composition of SOFC and its 
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4.2 Experimental 
4.2.1 Preparation of YSZ particles with polymer binder 
The pellet samples used in this study were prepared from YSZ (Stanford Material 
Corporation, CA, US), which has a median particle diameter of 0.5 – 1.0 µm and a specific 
surface area of 15 m2/g. The particle sizes fall into the sub-micron range, which is typical for 
ceramic powders that are designed to porous objects like filters, tubes and membranes.  The 
polymer binder solution was formulated by dissolving 1.5 g of polyvinyl butyral (PVB, Butiva-
79, Solutia, US) in an organic solvent of 50 ml comprising of equal amount of 2-butanone and 
toluene. Other ingredients included non-ionic surfactant – Span-80 (Sorbitan Monostearate, 
Aldrich, USA), deflocculating agent – Menhaden fish oil (Aldrich, US) and plasticizer – dibutyl 
phthalate (Acros Organic, Geel, Belgium) (Table 4-1). The submicron YSZ fine ceramics powder 
was subsequently mixed with the polymer binder solution. After 6 hours of continuous stirring, 
the organic solvent was evaporated to produce YSZ coated with polymer binder.   
Table 4-1: Weight contents of polymer binder solution 
Contents Weight % 
YSZ powder 88.8 
Butiva-79 8.9 
Span-80 0.6 
Fish Oil 0.6 
Dibutyl Phthalate 1.2 
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4.2.2 Fabrication of YSZ pellets and in-situ solid state polymerization 
The coated YSZ in the form of lumps were then grinded using a mortar and sieved into 
fine powder using 325 mesh (opening: 45 µm). Various amounts of acrylamide (Merck, > 99%) 
and ammonium peroxodisulfate (APS, Merck, > 98%) were dissolved in a mixture of ethanol and 
water before the introduction of the binder-coated YSZ powder into the solution. Mechanical 
blending of the resulting slurry was then carried out for 6 hours. This was followed by 
evaporation of the binary solvent with keeping the agitation until the slurry became very thick, 
which left behind a homogenous mixture of coated YSZ particles, acrylamide and ammonium 
peroxodisulfate. The mixture (5 g) was then pressed into a pellet (ø = 31.8 mm) using a pressure 
of 5 x 107 Pa. The pressure was applied for 10 min before the pellet was discharged from the die 
set. The pellet was then moved into a vacuum oven and subjected to a temperature of 80 °C in an 
argon environment to allow free radical polymerization of the loaded acrylamide. The duration of 
the polymerization was varied from 1 day to 5 days. A control sample using starch as the pore 
former (denoted as R) was prepared via wet mixing to serve as a benchmark to differentiate the 
porous structure resulted from the present method. In addition, another sample S2 that was free of 
initiator was prepared to gauge the effect of temperature-initiated polymerization on pore 
creation. The composition of the samples prepared and the polymerization conditions are 
summarized in Table 4-2. 
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Table 4-2: Summary of the composition of the samples prepared and their polymerization 
conditions. 
   Sample 
  S1 S2 S3 S4 S5 S6 R R1 
Composition (Weight Percent by Parts) 
YSZ Powder (Coated with PVB) 100% 100% 100% 100% 100% 100% 100% - 
Acrylamide a - 5% 5% 5% 5% 5% - 0.05g 
Initiators - - 1% 2.5% 1% 2.5% - 0.02g 
Starch b - - - - - - 6.6% - 
Polymerization Conditions 
Duration (Days) - 1 1 1 5 5 - 1 
Temperature (°C)  - 80 80 80 80 80  - 80 
 
4.2.3 Fabrication of sintered porous ceramics – heat treatment process 
The organic components in the pellet were burnt out by slowly increasing the temperature 
at a rate of 0.5 °C/min till 400 °C. This temperature was then withheld for 4 hrs to ensure 
complete removal of carbon. During this process, air was fed (25 L/min) into the furnace to 
improve the combustion rate. After that, the temperature was increased at a rate of 2.5 °C/min and 
set to dwell for 4 hrs at 1000 °C and 1350 °C, respectively. Finally, the furnace was allowed to 
cool down naturally.  
4.2.4 Characterization of the polymerization process  
4.2.4.1  Investigation of polymerization heat of acrylamide in the green pellet  
            The exothermic heats of the green YSZ pellets during the polymerization stage were 
studied using differential scanning calorimetry (DSC) (Modulated DSC 2920, TA Instrument, 
Newcastle, DE, USA). The heat flow of the samples with almost the equal mass was analyzed in 
a nitrogen atmosphere and the heating rate selected was 10 °C/min.           
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4.2.4.2  Analysis of polyacrylamide formed in the YSZ green pellets  
The microstructures of the pellets after polymerization were examined using a field 
emission scanning electron microscope (FESEM, JEOL JSM-6700F, Tokyo, Japan). The 
molecular weight of the polyacrylamide formed in the green YSZ pellet was determined using the 
gel permeation chromatography (GPC). The polymer was abstracted from the green body by 
grinding the pellet into fine powder and soaking it in a mixture of 2-butanone and toluene (ratio 
1:1) to strip off the polymer binder (PVB) as polyacrylamide does not dissolve in this binary 
solvent. After filtration, the solid, which contains the polyacrylamide polymer, was dispersed in 
water to dissolve the polyacrylamide and the resultant solution was sent for GPC analysis.  
4.2.5 Characterization of the sintered ceramics pellets 
4.2.5.1  Porosity, pore size distribution and micro-pore structures  
The porosity, the mean pore radius and the pore size distribution of the sintered samples 
was measured by mercury porosimetry (Micrometrics AutoPore III, Norcross, GA, USA). To 
further investigate the pore shapes generated in the porous sintered YSZ pellets, an innovative 
method was coined to obtain the template of the pore channels formed. The sintered pellets were 
soaked in a solution of chloroform (4.925 g) and Span-80 (0.075 g) for 3 hrs and dried 
subsequently, which left behind a thin layer of Span-80 on pore walls. These pellets were then 
submerged in another solution containing styrene (5 g), divinylbenzene (a crosslinker, 0.5 g) and 
benzoyl peroxide (an initiator, 0.2 g) for 3 hrs, in which the Span-80 coating facilitated the 
entrance of styrene monomers. The pellets impregranted with the above organic formulation were 
transferred into deionized water to seal the monomers in the pores of them. The entrapped 
monomers were then polymerized at 50 °C for a day. Finally, these pellets were subjected to 
pyrolysis for 2 hrs at 600 °C under argon atmosphere to carbonize the polymer, in which the 
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carbon filaments formed could retaine the shape of the polymer and permit more clearly 
observation of them by FESEM.  
4.2.5.2  Gas permeation test 
 
Figure 4-2: Air permeation setup 
 
Gas permeability of the sintered pellets was measured using a specially designed device 
shown in Figure 4-2. Before the experiment, the edges of the pellet were sealed with double 
aluminum sticker to make a gas-tight annulus. The surface area of the ceramic pellet exposed to 
the air was 3.14 cm2 and compressed air was used for the air permeability test. The gas pressures 
were measured using manometers and the volumetric flow rate was measured by a gas flowmeter 
(ADM 2000, Agilent). The dynamic viscosity of compressed gas used for the calculation was 
estimated by Sutherland’s equation to be 1.86 x 10-5 Pa.s [18]. The permeability of a porous 






𝑣𝑠       (4-1) 
where –dP/dx is the pressure gradient along the flow direction, µ is the absolute viscosity of the 
fluid, vs is the superficial fluid velocity and k1 is usually known as Darcy’s permeability. The 
superficial fluid velocity is defined by: 
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𝑣𝑠 = 𝑄𝐴       (4-2) 
where Q is the volumetric flow rate and A is the exposed surface area of the porous medium 
perpendicular to the flow direction. It is noted that 3 identical pellets were used to obtain an 
average permeability for each of the sample described in Table 4-2.  
Darcy’s permeability would be used for comparison for the fluid permeability of the 
sintered porous ceramic in Chapter 4, 5 and 6. Since the air permeation test would be carried out 
in low fluid velocities, only the viscous effects on the fluid pressure drop are considered and 
hence, the use of Equation 4-1. If the air permeation test is conducted at higher fluid velocities 
where the pressure gradient displays a parabolic trend with an increase in fluid velocity, 
Forchheimer’s equation can be used due to the inclusion of inertia and turbulence effect [18].     
4.2.5.3  Measurement of modulus of rupture – 3-point bending test  
The modulus of rupture (MOR) of the YSZ ceramic pellets was characterized by 3-point 
bending test, which was conducted on a micro-tester (Instron 5500 Micro Tester). Similarly, 3 
identical pellets were fabricated for each of the sample described in Table 4-2 to obtain a mean 
result for the mechanical strength. The circular pellets were cut into rectangular test specimens 
with a diamond saw and the sides were polished using fine sand paper. These test specimens were 
placed in a fixture with a span length of 20 mm to carry out the bending experiment. The 
crosshead speed of the micro-tester was set at 0.05 cm min-1. The MOR (σ) for a rectangular test 
specimen can be calculated using the following formula [121]: 
𝜎 = 3∗𝐹𝑆∗𝐿𝑠𝑝𝑎𝑛
2∗𝑏∗𝑑2
      (4-3) 
where FS is the fracture strength (Pa), Lspan is the span length of the fixture (m), d is the thickness 
of the specimen (m) and b is the width (m).    
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4.3 Results and Discussion 
4.3.1 Polymerization in the confinement environment  
The YSZ particles were coated with a soft layer (primary coating) consisting of PVB 
polymer and the processing additives prior to the deposition of acrylamide and the initiator, APS, 
on the particles as mentioned in the previous section. The latter procedure resulted in a uniform 
deposition of acrylamide molecules and APS on the PVB coating due to the application of wet 
chemistry technique i.e. the monomer and initiator were dissolved in ethanol/water mixture and 
then subjected to mixing by mechanical means with the coated YSZ powder to form a slurry. The 
presence of surfactant in the PVB coating layer further enhanced the wettability of the particles 
by the solution. After the slurry was allowed to thickened and eventually dried, the monomer and 
initiator settled down to the surface of particles without engaging aggregation. This point was 
experimentally verified via thermal analysis. When the coated YSZ particles were subjected to 
hydraulic compression in a pellet die set, the primary layer of PVB with the assistance of the 
additives would fill all the interstitial space due to the pressure-driven polymer flow. The flow 
distributed the binding force evenly among YSZ particles, thereby giving rise to a dense green 
pellet. In consequence of this, the secondary layer of acrylamide and APS were embedded in the 
primary layer in a highly confined fashion.  
At the incubation temperature of 80 °C, the addition polymerization of acrylamide 
occurred due to the formation of free radicals by the thermal decomposition of APS. In addition, 
the PVB existed in its viscous rubbery state in the pellet during this process. This unique phase 
characteristic of PVB improved the mass diffusion rate of radical species and facilitated the 
propagation of the radical chains. The trait of this reaction environment had been verified by DSC 
examination (Figure 4-3) and sample S6 was selected for illustration purposes. From the DSC 
analysis of S6, the glass transition of PVB-additives mixture could not be identified in the 
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temperature range of scanning, indicating that the mixture was in the viscous rubbery state above 
30 °C. Instead, a strong exothermic peak from the DSC result has been observed, which appeared 
at 55 °C and reached its apex at 75 °C due to the polymerization of acrylamide in the pellet. In 
addition to the above examinations, two individual comparison studies on the case when either nil 
APS (sample S2) or half of PVB and no additive were used revealed no polymerization heat 
(Fig. 4-3). A conclusion can be therefore drawn from the above investigation: not only APS but 
also amount of PVB and its additives are crucial in solid state polymerization in a confined spatial 
environment.  
 
Figure 4-3: DSC analysis of samples before polymerization: (a) sample S6, (b) sample S6 with 
half the amount of polyvinyl butyral and no additives, (c) sample S2. 
 
To serve as a pore-former, the average molecular weight ( M  ) of the polyacrylamide 
formed in the green pellet is a critical parameter due to its thermodynamic immiscibility with 
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PVB, which increases with the increase in M  of polyacrylamide [122]. Two parameters, wt% of 
APS and polymerization duration, were varied to study the effect of M   on the pore structures 
formed (Table 4-2). The wt% of APS was deemed as an important variable as the molecular 
weight of a free radical polymerization is inversely proportional to the concentration of initiator 
for the polymerization in solution [123]. The GPC analysis indeed showed such a trend, namely 
with respect to the two selected polymerization durations (1 day and 5 days), the molecular 
weight decreased with the increase in the wt% of APS in both polymerization durations, M  S3 
>  M  S4 and M   S5 >  M  S6, respectively (Fig. 4-4). It was noted that only oligomers (i.e., 
molecular weight < 105) were produced in the green pellets due to the restriction of the confined 
solid-state environment. Lastly, GPC analysis was carried out for S2, which contained no initiator 
and negligible molecular weight was recorded. This was consistent with the DSC analysis, which 
displayed no exothermic peak for the temperature range examined. 
     
Figure 4-4: Molecular weight of the polymers extracted from samples S2 to S6 by GPC 
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As far as the duration of polymerization was concerned, the extension of polymerization 
time from 1 day to 5 days at 80 °C has an impact more on enhancing the aggregation of 
polyacrylamide generated than on advancing the conversion of acrylamide. This is because the 
half-life of APS is about 10 hrs at 80 °C and therefore a period of 5 days is more than sufficient to 
ensure that all the APS added had been reacted. On the contrary, aggregation of the 
polyacrylamide chains produced on the PVB bed is a slow process, time factor at the incubation 
temperature is therefore important for this thermodynamically driven process to proceed. It would 
be elucidated in the following section on how these two polymerization parameters affect the 
development of porous structures of the sintered YSZ pellet. 
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The surface morphologies of the five green pellets (from S2 to S6) after polymerization 
were examined (Fig. 4-5). It is interesting to find that nano-scaled rods were generated on 
samples S3 and S4, and there were significantly more rods observed on S4 in relation to the use 
of higher wt% of APS. The generation of these rods could be attributed to the assembling of 
polyacrylamide chains through presumably “surface extrusion” process due to the spatial 
confinement in the bulk of green pellet. Indeed, no such nano-scaled rod was found in the bulk 
phase by the inspection of cross sections of the pellets through FESEM analysis. Moreover, an 
extension of incubation (viz. polymerization) time from 1 day to 5 days resulted in less 
polyacrylamide rods on the surface of S5 and S6. As to this surface morphology variation, it is 
suggested that the rods formed in the early stage of polymerization underwent disassembling with 
the extension of incubation time because of meta-stable chain packing produced by the “surface 
extrusion”. Lastly, sample R1 was prepared by polymerizing a homogeneous powder mixture of 
acrylamide and APS at the same conditions for 1 day. It could be seen that in the absence of 
spatial confinement, a very different polymer chain assembly was generated.  
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4.3.2 Microstructure created by the polyacrylamide formed in-situ 
 
Figure 4-6: FESEM micrographs of the cross-sectional morphology of samples S3 and S4 
calcined at 1150 °C 
 
 
Figure 4-7: SEM micrographs of the cross-sectional morphology of samples S3, S4 and R 
calcined at 1350 °C. 
 
As addressed in Sections 4.2.2 and 4.2.3, the organic components of green pellet 
including PVB-additives layer and the polyacrylamide formed in-situ were first subjected to 
carbonization through a slower heating from the ambient temperature to 400 °C. This was 
followed by removal of these carbons by combustion. Finally the ceramic pellet left behind was 
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calcined to consolidate the ceramics. In this study, we examined the cross-sectional morphologies 
of the YSZ pellets, obtained from sintering at 1150 °C and 1350 °C, respectively, by SEM. As 
expected, the higher sintering temperature led to closing up of a significant amount of tiny pores 
in the pellets. Samples S3 and S4 were chosen to illustrate this change (Fig. 4-6 & 4-7). With 
respect to pore size distributions (by Hg porosimetry) of the pellets prepared by sintering at 
1350 °C, the wt% of polymerization initiator (APS) displayed more significant impact on the pore 
size distribution and the porosity of the pellet than the polymerization duration (Fig. 4-8 and 
Table 4-3). Through this study, it has also been confirmed that the in-situ polymerization method 
revealed a greater capability to create porous structure than via the addition of an existing 
polymer porogen (sample R) on the basis of similar loading of porogen. 
 
Table 4-3: Tabulation of permeability, porosity and mean pore diameter of samples. 
  Sample 
 S1 S2 S3 S4 S5 S6 R 
Permeability, k1 (×10-14 m2) 1.35 1.35 2.42 1.88 1.62 1.88 1.35 
Improvement in Permeability 
(Taking S1 as the basis) 
- 0% 79.3% 39.3% 20% 39.3% 0% 
Porosity 13.7% 16.3% 52.1% 38.0% 44.8% 32.1% 14.5% 
Median Pore Diameter (µm) 0.71 0.63 0.91 0.72 0.76 0.26 0.60 
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Figure 4-8: Pore-size distributions measured by mercury porosimetry: (a) samples R, S3, S4; (b) 
samples R, S5, S6.  
 
Furthermore, regarding the effects of in-situ polymerization condition, the shorter 
polymerization time favors generation of larger pores and porosity for the use of the same wt% of 
APS (i.e., S3 vs. S5 or S4 vs. S6 in Table 4.3), while the lower wt% of APS favors generation of 
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larger pores and porosity for the same polymerization duration (i.e., S3 vs. S4 or S5 vs. S6). 
These two trends in principle come from the same root-cause, namely, the thermodynamic 
incompatibility between polyacrylamide generated and PVB-additives polymer binder used. As 
far as S3 and S5 were concerned, prolonging the polymerization time caused also a higher M   of 
polyacrylamide in conjunction to the aggregation of the polymer chains. This is usually not the 
case for the free radical polymerization in a dilute solution environment since  M is normally not 
affected by polymerization time [123], but in the present case it was likely caused by a longer life 
span of radical species due to the constraint environment and the reduction in diffusion rate in the 
solid phase. In particular, the use of a lower wt% of APS in these two samples generated 
relatively dilute radical chains, and consequently coupling between radical species became 
relatively mild. They then gained longer propagation life with the extension of polymerization 
time.  
The increase in M   would make incompatibility between polyacrylamide and PVB even 
appreciate and consequently weaken the pore-forming competency of polyacrylamide because its 
aggregation is to lower down spatial penetration of polyacrylamide. The similar trend was also 
observed when the porous features of S4 and S6 were compared. However, for this pair,  M  was 
no longer a factor since it did not change because of the use of the higher wt% of APS. Hence the 
increase in the incubation time was solely responsible to the generation of different porous 
features. As far as S3 and S4 are concerned, the use of lower wt% of initiator caused a lower 
initial polymerization rate and slightly larger M  , which might lessen phase separation of the two 
polymers and in turn facilitated creation of porous structure. This trend also holds true for the 
comparison of S5 and S6, the higher wt% of APS is unfavorable for the porosity gained.  
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When examining the four sintered pellets (S3 to S6) by electron microscopy (Fig. 4-7), 
although we could observe porous morphology on their cross-sectional view, it was difficult to 
distinguish them by just these micrographic images. For instance, samples S3, S4 and R showed 
rather different porosity and median pore sizes according to Hg porosimetry analysis as given in 
Table 4-3 and Figure 4-8, however their respective images showed similar morphology. 
Nevertheless, this observation could suggest that tortuosity and connection of pores are the two 
critical features that affect the Hg porosimetry measurement, and these two features were 
profoundly influenced by the design of the polymerization conditions in the green pellets.  
 
Figure 4-9: FESEM micrographs of the cross-section of samples S3 and R with embedded 
carbon fibres.  
 
In order to have an accurate understanding of the tortuosity and connectivity of the pores 
in these samples, the technique of forming carbon fibers in the pore channels were introduced to 
probe the pore shapes (See Section 4.2.5.1). Figure 4-9 shows the cross-sectional view of samples 
S3 and R, which were selected for comparison. Root-like carbon filaments were found on the 
fractured surfaces of these two discs. Despite owning similar shapes as observed in Figure 4-7, 
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the carbon filaments in these two discs were rather different in terms of stretching and torturity; 
those found in S3 has a larger and far reaching stem with bigger branches while those in R had a 
smaller and twist stem with slim branches. Such a difference was apparently caused by 
interconnecting and tortuous features of pore channels in the original YSZ discs, which in turn 
affect permeability and mechanical properties of the sintered pellets as what have been studied in 
the following section. 
 
4.3.3 Correlation of gas permeability and modulus of rupture with pore-
forming history  
 Fluid flux is a measurement that reflects contributions of all the structural features of 
porous ceramic membrane to transmitting a fluid. In this study, air was used to measure the gas 
permeation of the above porous pellets. Figure 4-10 shows the air permeation result while the 
Darcy’s permeability of the samples has been presented in Table 4-3. It was observed that the 
porous samples that were fabricated via in-situ polymerization method showed better 
permeability (20 % to 80 % improvement) than the samples that used starch as the pore former. 
This result was in agreement with both the Hg porosimetry result as well as the probing of carbon 
fiber template, which verifies the presence of better interconnected pore channels in S3 than in R. 
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Figure 4-10: Air permeation test: (a) samples R, S3, and S4; (b) samples R, S5, and S6. 
  
In light of permeability values of pellets S3 and S4, they reflected exactly the same trend 
as predicted by the magnitudes of their porosity, whereas for the permeability values of pellets S5 
and S6, they were opposite to their corresponding porosity data. The conflicting phenomenon in 
the latter group, which was prepared by using the longer incubation period, could be attributed to 
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the existence of some large loopholes in pellet S6 due to heavy congregation of polyacrylamide in 
it. This was understandable since a higher dose of initiator and longer incubation time were 
implemented during the processing of sample S6.   
 
Figure 4-11: Mechanical strengths of different porous YSZ ceramics prepared by different 
starting compositions and processing conditions determined by the 3-point 
bending test. 
 
A common technique for the determination of the strength of a ceramic specimen is the 
bend (flexure) test. Figure 4-11 shows the three-point bending mechanical strength of different 
YSZ discs as listed in Table 4-3. The differences in the mechanical strength of the discs were 
small with the exception of the reference sample R. Although the permeability of S3 was found to 
be higher than S4 (Table 4-3), the mechanical strength of these two samples was not clearly 
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distinct. Similar trend for S5 and S6 was also observed. On the whole, the performances of 
these samples fabricated via the proposed pore forming method were better than sample R in 
terms of permeability and resistance to rupture.  
 
Figure 4-12: Relationship between mechanical strength and permeability of the samples with 
porosity.    
 
Lastly, the mechanical strength and the permeability of the ceramic samples were plotted 
against their porosities in Figure 4-12. Two distinct trends could be observed - the mechanical 
strength of samples was independent of porosity while the permeability of samples increased 
linearly with porosity. However, the MOR of ceramic material has been described elsewhere to 
be a decreasing function with increasing porosity [124, 125]. This contrasting effect could be 
explained by relating the MOR of ceramic material with the pore-sizes and pore channel 
distribution. For small pore sizes (< 1 µm) and a uniform distribution of pore channels over the 
entire structure, MOR may not be sensitive to the variation of porosity below a certain extent. 
Chapter 4 
An In-situ Approach to create Porous Ceramic Membrane 
85 | P a g e  
 
This is because the stress can be distributed uniformly to the entire structure, and the thinning 
effect of the tube wall is not significant with the increase in porosity. Hence, the independency of 
MOR of samples, which underwent in-situ polymerization with porosity, was reflected in the 
graph. On the other hand, the statistically lower MOR of reference sample R could be attributed 
to the non-uniform distribution of pore channels due to the drawback of using polymer porogen 
as explained above. Thus, the fracture of the sample took place at the more porous regions despite 
a very low porosity. Lastly, the positive linearity relationship of permeability with porosity 
provides further evidence on the creation of inter-connecting pore channels via the proposed 
methodology of this study. 
Chapter 4 
An In-situ Approach to create Porous Ceramic Membrane 
86 | P a g e  
 
4.4 Conclusions 
 A new pore forming technique in ceramic processing, which improves the connectivity of 
the pore channels as well as the distribution of pore channels over an object, via in-situ solid state 
polymerization has been presented in this study. A control amount of acrylamide and its 
polymerization initiator were incorporated into a green YSZ pellet by the wet chemistry means, 
which assures a uniform distribution of acrylamide throughout the pellet. The embedded 
acrylamide was subsequently subjected to thermal-induced polymerization, which leads to in-situ 
formation of polymer chains. According to DSC analysis, the presence of a continuous phase 
consisting of PVB and additives in the compressed pellet of YSZ powder greatly affected the free 
radical polymerization of acrylamide distributed in the pellet. Furthermore, the high dose of 
initiator and the extension of polymerization time were found to be detrimental to the porosity of 
a sintered YSZ pellet and air flux through it. From the mechanical strength and gas permeability 
tests, it has been confirmed that, relying on this new pore-forming method, one could accomplish 
more highly connective and uniformly distributed pore channels in the sintered YSZ pellet, as 
compared to the traditional methods such as using starch as pore former, without the sacrifice of 
mechanical properties. Careful selection of monomer type and size could result in tailored pore 
size and distribution of the sintered ceramics required for different applications. However, the 
knowledge of the environment required for in-situ polymerization is critical in obtaining the 
desired porous feature.    
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Chapter 5 : Submicron Scale Exclusion via Polymerizing an Aromatic 
Nylon in Molded Ceramic Monolith for Paving 
Interconnected Pore Channels  
 
Abstract 
A matrix with extensively interconnected channels is an important feature to pursue 
ceramic membrane technology. This work attempts an alternative pore-forming strategy through 
utilizing in-situ generated poly(p-phenylene terephthamide) (PPTA) nano-rods as pore former. 
Different from the conventional means, this approach relies on interstice exclusion of the PPTA 
rods throughout the green ceramic object. The spatial confinement restricts the polymerization 
extent of PPTA, resulting in localized generation of nano-crystallite rods and expansion of inter-
particle contacts simultaneously. Another feature of these PPTA is the high carbonization degree 
of PPTA, which allows for space retention of the rods during the initial stage of calcination 
designed to sinter the object. The pore channels left behind in the sintered article possess the 
throat-to-void structural characteristic. Besides the marked improvement on fluid permeability 
and mechanical strength over the ones fabricated by using starch as pore former, such pore 
structure claims an unusual capability to induce shear-thinning effect when a pressure-driven 
dilute polymer solution passes through the channels.   
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5.1 Introduction 
Porous ceramic media with specially tailored porous architectures and functionalized 
pore channels belong to one of the most promising classes of advanced materials. The ability to 
operate in harsh environments involving high temperature and corrosive surroundings has seen 
them preferred over metallic and polymeric materials. Furthermore, these porous ceramic media, 
sustained by special fluid transport patterns and adsorptive and/or reactive internal surfaces, has 
supported key technologies of the 21st century. Coupled with their mechanical reliability and 
durability, these porous ceramic materials, primarily membranes and filters, have established a 
wealth of industrial applications in water treatment [16-19], catalysis support [17, 18, 20], gas 
sensors [18, 21], solid oxide fuel cells [17, 18, 22],  petrochemical processes [23] and biomedical 
devices [18, 24]. The most recent demand for effective filtration also includes harvest of alga 
from water. 
Among the processing techniques leading to desired porous structures, sintering a powder 
assembly prepared by shape-forming processes such as pressing, slip casting, tape casting and 
plastic molding at a non-densification temperature has been studied extensively [126]. Other 
porous ceramic techniques including freeze casting [109, 127], sol-gel method [128], gel-casting 
method [117, 129, 130], and the replica technique [131] have been developed recently to meet 
various requirements. However, none of these techniques have achieved a higher popularity 
compared to using sacrificial pore formers such as carbon black, methylcellulose, carbon wax and 
starch [46, 112, 113]. This is primarily due to the low cost, ease of handling and easy removal by 
thermal decomposition during the sintering process.  
In this chapter, we made use of the step polymerization of p-phenylene diamine (p-PDA) 
and terephthalic acid (TA), both of which are embedded in the green body, to form poly(p-
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phenylene terephthalamide) (PPTA) serving  as a pore former. PPTA, a light and strong para-
aramid synthetic fiber, has been registered under the trademark name of Kevlar and many 
publications have reported its polymerization in liquid state [132, 133]. Possessing very high 
thermal stability and rigid polymer chain with repeating amide groups along its backbone, PPTA 
is deemed an appropriate resin to be used as a porogen due to the following reasons. (1) Strong 
temperature resistance allows retention of its space occupancy at elevated temperatures. (2) Rod-
like polymer backbone enables tiny fibers to be formed. Polymerization in the green ceramic 
body produces oligomeric chains due to the effect of confinement. The assembling of oligomeric 
chains via hydrogen bonding (Fig. 5-1) forms nano-rods with a large aspect ratio, which is 
preferential to attain a greater extent of interpenetrating pore channels against a lower volume 
fraction. In particular, the continuous pore channels feature throat-like pores with a capability of 
causing a viscous fluid to display the shear thinning behavior. Yttria-stabilized zirconia (YSZ) 
was selected to test this pore-forming principle since it has moderate sintering temperature 
(~1300 °C) and numerous applications such as oxygen sensor [134], refractory and anode 
component in solid oxide fuel cell design [135]. To discern effect of pore generation of the in-situ 
polymerization, the porous YSZ membrane based on using starch as porogen was prepared as the 
control.    
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Figure 5-1: (a) Chemical structure of poly(p-phenylene terephthamide) where the hydrogen 
bonding is represented by the dotted line. (b) TEM micrographs of micro needle-
like structure of poly(p-phenylene terephthamide) (PPTA) synthesized by chemical 
reaction. The rightmost micrograph shows the dimension of a nano-size PPTA rod 
magnified from the red circle. 
 
Besides the conventional characterizations of porous ceramic membranes or filters such as 
instrumental characterizations of microporous structures, fluid permeability and mechanical 
strength, a novel study on the porous channel based on utilizing rheological properties of a 
polymer solution was devised. It is presumed that solvated polymer coils can be effectively 
elongated when they permeate through the porous channels that are well connected with local 
throttling throats. Indeed, our experimental result has supported this presumption. Namely, only 
an interconnected network of pore channels is capable to stretch solvated polymer coils along the 
flow direction, viz. the thixotropic effect, which originates in the opening up of the polymer coils.  
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5.2 Experimental 
5.2.1 Coating YSZ particles with the two monomers 
An equimolar mixture of TA (98%, Sigma-Aldrich) and p-PDA (Sigma-Aldrich) was 
introduced into 30 ml ethanol. The resulting solid-liquid mixture was mechanically stirred for 
30 min to dissolve TA. To the resultant suspension where only fine particles of p-PDA were left, 
yttria (8 mol %) fully stabilized zirconia (YSZ, median particle diameter of 0.5 – 1.0 µm, specific 
surface area of 15 m2/g, Stanford Material Corporation, USA) powder with a ratio of 100/5 by 
weight to the two monomers was introduced into the suspension and stirred for another 30 min. 
The solvent was then allowed to evaporate naturally, resulting in a homogenous powder mixture 
of the TA-coated YSZ particles and p-PDA. The mixture was then subjected to a heat treatment at 
150 °C for 30 minutes to melt p-PDA, which then covered the surface of the particles and merge 
with the previously coated TA layer. 
5.2.2 Fabrication of YSZ pellets and in-situ solid state polymerization 
A polymer binder solution was prepared by dissolving 1.5 g of polyvinyl butyral (PVB, 
Butvia-79, Solutia, USA) in 14 ml of mixed solvent, comprising of an equal amount of 2-
butanone and toluene. Other ingredients required to facilitate the ceramic fabrication process 
include: non-ionic surfactant – Span-80 (Sorbitan Monostearate, Sigma-Aldrich, USA), 
deflocculating agent – Menhaden fish oil (Sigma-Aldrich) and plasticizer – dibutyl phthalate 
(Acros Organic, USA). Lithium chloride (ACS reagent, Sigma-Aldrich) (16.7 wt% of the 
monomers) was then dissolved in 5 ml of ethanol and the homogenous solution was added to the 
polymer binder solution. After stirring for 15 min, the monomers coated YSZ particles (15 g) 
were slowly added into this viscous solution. The resultant slurry was homogenized by 
mechanical blending and the solvent was allowed to gradually evaporate, leaving behind 
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relatively large chunks of dried solid. These lumps were then grinded using a mortar and sieved 
into a fine powder using 325 mesh (opening: 45 µm). In short, the resulting powder consists of 
components by weight as follows: YSZ (100), Monomer + catalyst (5+1), PVB binder (10 or 5), 
fish oil + surfactant + plasticizer (0.6+0.6+1.2).  An amount of the fine powder (5 g) was then 
placed in a cylindrical die set. A pellet (ø = 13 mm) was pressed using a pressure of 5 x 107 Pa. 
The pressure was applied for 10 min before the pellet was discharged from the die set. The 
loading of the two monomers in the green disc is about 4.2 wt% for the S10-PPTA_1_t series. The 
green pellet was then transferred into a furnace and subjected to a temperature of 140 °C under 
the purging of argon (30 L/hr) to conduct the condensation polymerization of TA and p-PDA. 
The duration was varied from 6 hrs to 24 hrs. In addition, a control sample using starch (BDH 
Chemicals) as pore former was prepared to serve as a benchmark in this study.   
5.2.3 Fabrication of the sintered porous YSZ pellets via carbonization and 
incineration steps 
The green pellets prepared from the previous step were heated at a rate of 0.5 °C/min till 
400 °C. This temperature was then held for 4 hours to pyrolyze the PVB binder and the organic 
additives. The temperature was increased at a rate of 2.5 °C/min and set to dwell at 1000 °C and 
1350 °C for 1 and 4 hrs respectively. Finally, the furnace was then allowed to cool down to 
1000 °C at a rate of 2.5 °C/min and held for an hour before proceeding to room temperature at a 
rate of 2.5 °C/min. The sintered pellets with different preparation history are listed in Table 5-1. 
In addition, the table includes the porosity, Darcy’s permeability, mean mechanical strength and 
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Table 5-1: Tabulation of characterization of samples for porosity, Darcy’s permeability, mean 
mechanical strength and structure parameter 
 
Porosity Darcy’s  
Permeability, 
k1  











Sample a      
S5-PPTA_1_6 34.7 ± 1.1 1.62 ± 0.05 50% 40 ± 5  3.20 
S5-PPTA_1_12 35.4 ± 0.6 1.62 ± 0.06 50% 48 ± 4 2.61 
S5-PPTA_1_24 35.4 ± 0.6 1.89 ± 0.06 75% 47 ± 5 2.63 
S10-PPTA_1_6 37.4 ± 0.6 1.89 ± 0.06 40% 29 ± 5 3.83 
S10-PPTA_1_12 32.6 ± 2.4 2.16 ± 0.05  60% 42 ± 14 3.26 
S10-PPTA_1_24 29.5 ± 1.0 2.43 ± 0.04 80% 50 ± 14 3.00 
Control      
C5-PDA/TA_1_0 35.9 ± 1.6 1.35 ± 0.05 25% 39 ± 5 3.15 
C10-PDA/TA_1_0 36.4 ± 1.0 1.35 ± 0.02 0% 29 ± 5 3.92 
C5-Starch  30.6 ± 1.6 1.08 ± 0.03 ― 28 ± 6 4.81 
C10-Starch  34.0 ± 0.5 1.35 ± 0.02 ― 25 ± 9 4.61 
a: The subscribe of S represents the weight percentage of PVB binder in the green pellet. The first digit of 
the suffix indicates the weight percentage of catalyst (LiCl) and the second shows the duration of the 
condensation polymerization in the green pellet in hours. The weight basis is based on 100 wt% of 
ceramic powder.  
b:  Comparison was carried out by using C5-Starch and C10-Starch as basis for 5 wt% and 10 wt% of 
polymer binder used respectively. 
 
5.2.4 Characterizations 
5.2.4.1  Pellets after polymerization and sintering 
The microstructures of the pellet, after the polymerization process and the sintering step, 
were observed on a field emission scanning electron microscope (FESEM, JEOL JSM-6700F, 
Tokyo, Japan). The polymerization extent of TA and p-PDA in a green ceramic body was 
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examined by the thermal analysis on a differential scanning calorimeter (DSC, Modulated DSC 
2920, TA Instrument, Newcastle, DE) under nitrogen atmosphere. In this analysis, the thermal 
history of the sample was removed by heating it from 25 °C to 110 °C at 20 °C/min and holding it 
for a minute. The thermal scan was then conducted from 0 °C to 520 °C at 10 °C/min. In addition, 
the weight loss of a green YSZ pellet after polymerization was monitored using a thermo-
gravimetric analysis (TGA, DTG-60AH, Shimadzu, Singapore) to understand the removal of the 
combustibles such as PPTA during the calcination process. The analysis was conducted in air and 
the temperature was scanned from 30 °C to 1000 °C with a heating rate of 10 °C/min.  
The porosity of a sintered pellet was measured by the Archimedes method. This 
technique requires the measurements of the dry mass of a porous specimen, m1 and the mass of 
the specimen when fully impregnated with water, m2. The density of the water, ρw and YSZ, ρYSZ 
is taken to be 1 g/cm3 and 6.1 g/cm3 respectively. The porosity of the specimen φ is then 
calculated using the formula:   





             (5-1)                                                 
The mean pore radius and the pore size distribution of a sintered pellet were measured by the 
mercury porosimetry (Micrometrics AutoPore III, Norcross, GA).  
Similar to previous study (Chapter 4, Section 4.2.5.1) a template of the pore channels of 
the sintered pellet was obtained by carbonization of polystyrene.  The modulus of rupture (MOR) 
of the YSZ pellets at room temperature was characterized by 3-point bending test, which was 
conducted on a micro-tester (Instron 550 MicroTester, Instron Singapore Pte Ltd., Singapore). 
The experimental details were similar to that described in Chapter 4, Section 4.2.5.3.   
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5.2.4.2  Fluid flow behavior 
The gas permeability of a sintered YSZ pellet was measured using the module designed 
in our previous study (Chapter 4, Section 4.2.5.2). Similarly, the edge of the pellet was sealed 
with an aluminum sticker to prevent any leakage of gas. The surface area of the pellet exposed to 
air was 3.14 cm2. In this study, compressed air was selected to measure the permeability of all the 
sintered pellets. 
To probe the interconnectivity of the pore channels, an experiment measuring the 
rheological responses of a dilute polymer solution when it passed through different pellets was 
designed. 0.2 g of poly(methyl methacrylate) (PMMA, Paraloid A-11, Rohm and Haas, 
Mw = 125 000) and 0.2 g of poly(vinylidene fluoride) (PVDF, Sigma-Aldrich, Mw = 534 000)  
were each dissolved in 50 ml n-butyl acetate (0.45 wt% polymer solution) separately. The two 
solutions were stirred for 12 hrs to assure a homogeneous bulk phase before their shear viscosity 
(η) values at steady state of 200 rpm were measured by viscometer (Brookfield DV-II + Pro 
Viscometer, USA). These two solutions were then mixed by mechanical means for another 1 hr, 
after which their shear viscosity was measured again. The resultant dilute polymer binary solution 
was then passed though the fabricated YSZ membrane and the shear viscosity of permeate was 
noted.  
In the second experiment, 0.25 g sodium alginate and 25 g calcium chloride were each 
dissolved in 100 ml of deionized water. After obtaining a homogenous solution for both, the 
sodium alginate solution was then made to pass through the YSZ membrane and the filtrate 
immediately entered into the CaCl2 solution. Precipitation of the polymer occurred instantly in the 
CaCl2 solution due to ion exchange between Na+ and Ca2+. The calcium alginate precipitate was 
dried at 60 °C in an oven. The crosslinking extent of Ca2+ in the alginate was assessed by 
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measuring its glass transition temperature (Tg). The temperature scanning profile was similar to 
the one described earlier (See Section 5.2.4.1) except that the scan range selected was from 0 - 
100 °C instead. A control was made by directly dropping sodium alginate solution into calcium 
chloride solution and its Tg was measured.        
 
5.3 Results and Discussion  
5.3.1 Generation of PPTA nano crystallites in YSZ green pellet     
To maximize the efficiency of the pore forming effect of the in-situ generated PPTA, the 
distribution of the two monomers inside the YSZ green body is a crucial factor. Clearly, the 
formation of a monomer coated layer on individual YSZ particles (as described in section 5.2.2) 
would result in a higher contact surface area between the monomers and YSZ particles than by 
just physical mixing of these powders. On top of this, the YSZ particles bearing a monomer layer 
were coated with an additional layer of the ceramic processing additive, consisting of PVB 
binder, span-80 surfactant, fish-oil lubricant and phthalate plasticizer. This processing additive 
provides a strong bonding between the particles when the powder is compressed in a die set. 
Accompanying compression of the coated powder in the die set, the organic shells of the 
individual particles merge together to form a thin continuous network. The generated pellet is 
commonly known as a green body. Figure 5-2 provides a schematic illustration for the formation 
of the bulk phase of the green body.  
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Figure 5-2: Schematic illustration for the formation of bulk phase of the green body. 
 
As far as the condensed states of monomers inside the thin organic layer are concerned, 
they are strongly affected by the amount of PVB used. This effect has been identified from the 
DSC profiles of the two controls (Fig. 5-3), viz. pellets C5-PDA/TA_1_0 and C10-PDA/TA_1_0. 
As indicated by the labels in the footnote of Table 4-1, these two samples were not subjected to 
polymerization condition and differed from each other in the amount of PVB used. They 
displayed two sets of melting points of TA and p-PDA, which depart from the melting points in 
their pure forms (TA: 402 °C, p-PDA: 147 °C). Such variation in the melting points, in particular, 
TA, can be attributed to different extents of mixing of the monomers with the processing additive. 
On the basis of the downshift magnitude of the melting point of TA, the lower dose of PVB 
favors the mixing. This characteristic became clearer after these two monomers were subjected to 
polymerization at 140 °C for 6 hrs. For pellet S5-PPTA_1_6, the disappearance of the melting 
point of TA indicates that TA molecules were either polymerized or dissolved in the processing 
additive layer (Fig. 5-3).          
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Figure 5-3: DSC curves of samples without polymerization (C5-PDA/TA_1_0 and C10-
PDA/TA_1_0) and with polymerization (S5-PPTA_1_6 and S10-PPTA_1_6). 
Alumina pans; heating rate of 10 °C/min. 
 
With the extension of the polymerization time to 12 and 24 hrs, the polymer (PPTA) 
formed in the green pellet can be identified from the corresponding DSC diagrams (Fig. 5-4), in 
which the melting peak of the PPTA crystallites emerges in the temperature range of ca. 260 °C 
to 280 °C. This range is much lower than the known melting point of crystalline PPTA phase at 
450 °C, indicating the existence of crystallite. It has been aware that melting point depression in 
crystalline polymer phases is to arise when their interfaces become predominant [136] and these 
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tiny crystallites found in the green body are an example of such a system. In particular, the 
interfacial behaviors of PPTA crystallites have been investigated elsewhere [137].  
The sample control C10-PDA/TA_0_12, which does not contain any catalyst (LiCl), was 
examined by DSC to validate the attribution of this endothermic peak. Indeed, no endothermic 
peak in the above range is found, signifying that the above peak represents the presence of PPTA 
crystallites. Comparing the peak area of the DSC analysis, which represents specific melting heat, 
can also differentiate the polymerization extent. The result shows that both S5 samples exhibited 
weaker peaks than the two S10 samples. As clarified in the preceding paragraph, TA shows a 
smaller tendency to mix with the additive in the precursor of S10 samples than in that of S5. In this 
context, a lesser extent of mixing of TA with the processing additive gave rise to a greater extent 
of polymerization, viz. the larger molecular weight of PPTA due to encountering less mass 
diffusion resistance. It is therefore expected that the greater polymerization extent, e.g. S10-
PPTA_1_t vs. S5-PPTA_1_t (t = 12 or 24), would benefit the pore creating effect. Further 
justification for this conclusion will be provided in the following sections.             
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Figure 5-4: DSC curves of ceramic samples with in-situ generated PPTA. Alumina pans; heating 
rate of 10 °C/min. 
 
Figure 5-5: FESEM Micrographs of the surface morphologies of green pellets after 
polymerization (a) the PPTA micro-needles on S10-PPTA_1_12, (b) the similar 
intercalation surface morphology on S10-PPTA_1_24.    
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Figure 5-5 displays the surface morphologies of the two green pellets after 
polymerization, S10-PPTA_1_t (t = 12 or 24). Similar to our previous study [138], the “surface 
extrusion” phenomenon of polymer was observed. Micro needles of PPTA were found in the 
surface layer due to the lower pressure of the surface compared to the bulk, which leads to the 
squeezing out of these polymers from the layer beneath the surface. The needle shape is an 
indicative of ordered packing of PPTA molecules. On the contrary, such a large scale of 
aggregation of PPTA molecules on surface is restricted inside the pellet according to the cross 
sectional SEM image. This is because the PPTA crystallites are “dissolved” in the processing 
additive layer due to their miniature sizes and their existence are supported by the lower melting 
points and broad peak in Figure 5-4. It is also rational to consider that the additive thin layer 
functioned to confine the polymerization extent of TA and p-PDA. As a result, the majority of 
pore-former comprised smaller crystallites in nano-rod shape rather than the surface-embedded 
micro needles.  
5.3.2 Porous features of the sintered YSZ bulk phases 
When a YSZ green pellet is subjected to calcination in air, the track of eliminating the 
organic components including polymer binder, ceramic processing additive, and polymer pore 
former is important to the microstructure ultimately attained after sintering. This is because the 
voids left behind after the removal of the organic component could only be retained if the 
interactions of ceramic particles are able to uphold the structure. Since there is normally a large 
gap between the temperatures at which the porogen is removed and at which the interparticle 
necking starts, the interactions of ceramic particles that keep the particle packing assembly rely 
on the thermal expansion of the particles as well as the sticking effect due to the presence of 
combustion residue (carbonaceous substance) among particles.   
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Figure 5-6: TGA thermograms of the S10-PPTA_1_24, C10-Starch and C10-Without monomers in 
air. Alumina pans; heating rate of 10 °C/min. In addition, FESEM mircographs of 
cross-sectional morphology of pellets with the pyrolyzed carbon fibers at (a) 600 °C 
and (b) 800 °C were inserted. 
 
A comparison of TGA diagram of the YSZ green pellet (Fig. 5-6), S10-PPTA_1_24, with 
that of the control, C10-Starch, shows a clear divergence of mass elimination in the temperature 
range from 350 °C to 1000 °C. On the other hand, the coefficients of thermal expansion (CTE) of 
YSZ (8% Y) in the temperature range from room temperature to 600 °C are 9.5×10-6 K-1 (450 °C), 
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and 10.6×10-6 K-1 (600 °C), which translates to an increase of about 11 % in the CTE from 450 °C 
to 600 °C [139]. Furthermore, this linear CTE–temperature relation remains approximately 
unchanged in the range of 600-1000 °C [140]. From the TGA, it can be identified that the 
processing additive and most of the starch has been totally removed before 500 °C, while the 
decomposition of PPTA completes at about 950 °C with gradual weight lost from 450 °C. This is 
confirmed via the micrographs of the pellets that contained carbonized PPTA after being calcined 
at 600 °C and 800 °C (Fig. 5-6a and Fig. 5-6b), respectively. A closer looking at these 
micrographs showed that carbonized rods of PPTA were embedded with the YSZ particles and 
the necking phenomenon was still rare at its initial stage even at 800 °C. If the CTE could not 
yield adequate pushing force amid YSZ particles to preserve the integrity of the particle packing 
when the majority of the organic components have been removed, local collapse of YSZ particles 
will occur. These crumbling will result in masses of coagulation, which will subsequently block 
the pore channels in the sintered pellet. The examination on the microstructures of the two 
sintered bulk phases (Fig. 5-7) proves that the control contains these coagulations that result in a 
more congested bulk phase (Fig. 5-7b), whereas S10-PPTA_1_24 pellet exhibits a well-connected 
porous microstructure (Fig. 5-7a). By combining the results of TGA and electron microscopy 
observation, we can conclude a dual role of PPTA as a pore former: it creates interconnecting 
pore channels via its shape and size exclusion inside the green body; the carbonization residue of 
it holds the particle packing through restricting inter-particle motions until the interaction 
between YSZ particles become sufficiently strong due to thermal expansion and preliminary 
necking. Indeed, a previous study [141] indicated that about 8 % by mole in a YSZ powder 
packing object was found to have been partially condensed at 1000 °C. Namely, minor necking 
between YSZ particles has occurred before 1000 °C. It is therefore desirable to maintain the 
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footprint of a pore former to a temperature as close as possible to 1000 °C. The in-situ generated 
PPTA could satisfactorily fulfill the pore-forming role as its footprint exists until 950 °C.               
 
Figure 5-7: FESEM micrographs of cross-sectional morphology of the three pellets after being 
sintered at 1350 °C (a) S10-PPTA_1_24 (b) C10-Starch (c) Nano-size carbonized 
polystyrene filaments observed in S10-PPTA_1_24. 
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Figure 5-8: Effect of polymerization duration on porosity.   
 
The porosity values of the sintered YSZ pellets are listed in Table 5-1 and plotted against 
polymerization duration in Figure 5-8. It can be seen that the dosage of binder (PVB) yields an 
impact on the magnitude of porosity, which is related to the polymerization extent of PPTA (or 
molecular weight of PPTA) as seen by the DSC analysis in previous section. However, looking at 
the S5-PPTA_1_t series, we found that they exhibit a virtual independent relationship between 
porosity and polymerization duration. This outcome is consistent with the DSC analysis of this 
series in Figure 5-4, which shows similar polymerization extents despite the extension of 
polymerization duration from 12 hrs to 24 hrs. Regarding the S10-PPTA_1_t series, the DSC 
result has indicated that the polymerization extent increases with the prolonging of 
polymerization duration, but it also brings about a slight decrease in porosity. This trend can be 
interpreted by the sintering extent; namely, the larger PPTA crystallites could more effectively 
increase inter-particulate contacts due to the size exclusion effect, which in turn enhances the 
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sintering extent. When looking at the two reference samples (Table 5-1), one can see that the 
porosity of C5-Starch is below its counterparts of the S5-PPTA_1_t series as anticipated, but C10-
Starch has a higher porosity than S10-PPTA_1_t when t =12 and 24. The peripheral space 
surrounding individual lumps in C10-Starch as displayed in Figure 5-7 is considered the main 
contributor to its porosity.  
 
Figure 5-9: Pore Size Distributions measured by mercury porosimetry. 
 
Alternatively, the pore size distribution curves of the sintered S10-PPTA_1_t pellets are 
presented in Figure 5-9. The control C10–Starch shows smaller pore sizes and wider pore size 
distribution than S10-PPTA_1_t pellets. This trend was also observed for C5–Starch and S5-
PPTA_1_t pellets. It has been understood from the prior elaboration that early removal of pore 
former causes “plugging” action in the YSZ particle packing, which blocks the access of bigger 
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pores. Another important observation is the presence of small pore sizes in the range of less than 
0.01 µm for S10-PPTA_1_12 and S10-PPTA_1_24. It is considered that these throat-like features 
(Fig. 5-7a) occur in those locations where the carbonization residue between particles were lastly 
removed at temperatures near 950 °C because they are thin and in minority. To print a more 
accurate picture of the tortuosity and connectivity of the pore channels, the technique of 
portraying pore channels by the carbon template (described in Section 5.2.4.1) exhibits sub-
micron carbon filaments with slim branches in the cross-sectional of S10-PPTA_1_24 for instance 
(Fig. 5-7c). This FESEM observation is in accord with the mercury intrusion examination and the 
argument that better interconnecting channels were formed by in-situ polymer generation 
technique. Furthermore, these throats have been found influential to reshape solvated polymer 
coils in a dilute stream when it permeates through the porous pellet, which will be elaborated in 
the following section (Section 5.3.4).  
 
Figure 5-10: Relationship between mean strength and porosity of samples 
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The strength of a ceramic specimen depends chiefly on total porosity and pore size 
distribution. Therefore, the magnitude of strength provides an alternative aspect to examine the 
porous features of the specimens. The mechanical strength values of the S10 and S5 series and the 
controls are tabulated in Table 5-1 (column 5). Furthermore, the mechanical strength versus 
polymerization duration is plotted in Figure 5-8. It could be observed that the strength levels of 
the S10 and S5 series are generally greater than the controls. From the micrographs in Figure 5-7, 
it is clear that the inter-grain contacts are less developed in the pellet that used starch as the pore 
former. Moreover, the mechanical strength can be correlated with porosity of the samples as 
shown in Figure 5-10. Ryshkewitch obtained a well-known relationship between porosity and 
compressive strength [142]: 
𝜎 = 𝜎0𝑒𝑥𝑝 (−𝑛∅)           (5-2) 
where σ is the strength of a porous material, σ0 is the strength of the same material with 0% 
porosity, n is the structure parameter of the porous material, and φ is the porosity of the porous 
material. By plotting ln(σ) against φ, an average σ0 can be obtained, and the individual structure 
parameter, n, of each processing condition can be calculated using this relation. The calculated 
result shows that the S10 and S5 series have very different structure parameters from the Cx-Starch 
samples (Table 5-1), which suggests that there would is significant differences in the pore shapes 
and the distribution of pores inside these two types of samples [142].  
5.3.3 Gas permeability test  
Fluid permeability though a porous ceramic monolith at a given pressure gradient reflects 
the microscopic characteristics of the porous medium, including tortuosity of pore channels, 
interconnectivity of pores, mean pore size, and nature of pore wall surface. In this test, air was 
used to evaluate the permeability of the sintered pellets. From Table 5-1, it is clear that the pellets 
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fabricated by using PPTA as pore former displays better permeability than those use starch. This 
outcome implies the interconnectivity of the pore channels and that more effective or less 
torturous pore space has been achieved due to the use of in-situ generated PPTA crystallite as 
pore former. The Darcy’s permeability k1 of the S10 and S5 series also shows a positive effect of 
the polymerization duration. The positive effect can be related to rigid rod-shaped PPTA 
crystallites as display in Figure 5-1. With prolonging the polymerization time, the PPTA rods 
generated amid YSZ particles open plentiful inter-contacts. Moreover, it can be deduced that the 
longer PPTA rods generated have a better penetrating effect in the packing of YSZ particles. 
Eventually, the space created after removing them contributes to the interconnectivity and less 
tortuosity. Similarly, S5-PPTA_1_t pellets reveal greater Darcy’s permeability than C5-Starch 
pellet and the positive effect of polymerization time on promoting of passage of fluid. 
 
Figure 5-11: Effect of duration on Darcy’s permeability factor k1 and n, structure parameter. 
Sample composition: (♦) 10 wt% PVB and 1 wt% initiator (X) 5 wt% PVB and 
1 wt% initiator 
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In light of the difference in permeability between the S10-PPTA_1_t series and S5-
PPTA_1_t series (Fig. 5-11), although initially the green pellet of S5 contains 50 % less PVB than 
that of S10, the amount of PVB is not the critical factor as it is thermally vulnerable. The lower 
polymerization extent of TA and PDA in the green body of S5 accounts for this difference. The 
lower polymerization extent has been attributed to the dissolution of TA in the ceramic 
processing additive. Furthermore, an inverse relationship between the permeability and n 
parameter in Figure 5-11 for both S5 and S10 series confirms the importance of the pore shape 
created. Generally, a smaller parameter is desired to obtain a high permeability membrane. In 
contrast to the use of PPTA as pore former, the pore space created by the starch was less effective 
in forming flow channels through the porous media due to primarily the plugging effect of lumps 
as justified in the preceding section.   
5.3.4 Rheological response of polymer solution to passing pore channels 
5.3.4.1  Permeation-caused thinning effect of dilute PMMA-PVDF solution  
The change in rheological behavior of a binary dilute polymer solution while it undergoes 
pore extrusion was used to study the pore structures of the ceramic membranes obtained. In a 
dilute polymer solution, the hydrodynamic size and shape of the polymer molecules affect the 
viscosity of solution [143]. Normally irregular solvated polymer coils are preferential due to the 
tendency of assuming maximum entropy. When such a polymer solution is driven to flow through 
a porous medium, changes in polymer chain conformation will be inevitable. This rheological 
behavior will help to gain an insight in the pore structure developed. In this experiment, PVDF 
and PMMA were selected since they have been known to have strong chain-chain interactions 
due to formation of pseudo-hydrogen bonding [144-147]. Such chain-chain interactions in a 
dilute solution environment largely depend upon the stretching of polymer coils as it largely 
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increases the number of hydrogen bonding. Hence, the dilute solution mixture of PVDF and 
PMMA is a relevant system to examine the pore structure of the YSZ porous medium.  
 
Figure 5-12: Conceptual illustration of the throat-like feature of pore channel in the ceramic 
membrane which results in increased interaction between 2 polymers. 
 
Table 5-2: Viscosity of PMMA/PVDF polymer blend before and after filtration through the 
membranes 
 Shear Viscosity of PMMA/PVDF blend (cp) 
 Before filtration After filtration % Change 
Sample    
S5-PPTA_1_6 1.00 1.00 0 
S5-PPTA_1_12 1.00 1.00 0 
S5-PPTA_1_24 1.00 1.13 0.13 
S10-PPTA_1_6 1.00 1.00 0 
S10-PPTA_1_12 1.00 1.25 0.25 
S10-PPTA_1_24 1.00 1.25 0.25 
Control    
C10-PPTA_1_0 1.00 1.00 0 
C5-Starch  1.00 1.00 0 
C10-Starch  1.00 1.00 0 
PMMA: Poly(methyl methacrylate); PVDF: Poly(vinylidene fluoride) 
Chapter 5 
Submicron Scale Exclusion via Polymerizing An Aromatic Nylon  
112 | P a g e  
 
Initially, PVDF and PMMA solutions in butyl acetate were prepared and both recorded 
the same viscosity of 0.75 Cp. After mixing, the viscosity of the mixture increased to 1.00 Cp, 
which indicates the affinity nature of the two polymers. The shear viscosity of the binary solution 
after passing through a porous pellet is tabulated in Table 5-2. Indeed, an obvious increase in 
viscosity of the polymer solution was observed in the case when it was extruded through those 
pellets that showed high air permeability values, including S5-PPTA_1_t (t=24) and S10-
PPTA_1_t (t=12 and 24). To provide a detail explanation on this phenomenon, the dynamic sizes 
of both polymers in butyl acetate, measured by dynamic light scattering at room temperature, fall 
in the range of 1-3 µm, which is approximately 200-300 times larger than the throat-like pores 
(<0.01 µm, based on the largest size of the submicron pores found in S10-PPTA_1_12 and S10-
PPTA_1_24 (Fig. 5-9)).  This leads us to our conceptual visualization of the pore structure – a 
series of alternating pore structures (Fig. 5-12). Using this visual aid, it is easy to see that shear 
thinning behavior is prominent at the throat-like pores. Due to the restricted flow path pattern, the 
polymer will open up its coil and assume a more linear form, which favor chain interaction 
between the adjacent polymer chains either in the throat-like pores or after extrusion from these 
pores. From the thermodynamic viewpoint, the permeation-caused shear thinning helps the 
conversion of a part of energy from the entropy-favorable coil form to the enthalpy-favorable 
inter-chain hydrogen bonding. Meanwhile, adsorption of the polymers on the pore walls results in 
no-slip zone, which in-turn facilitates the uncoiling of the polymers. Hence, the increase in 
viscosity of the extruded polymer solution is a direct evidence of improved mixing since it causes 
inter-chain physical association.  
However, for those of the S10 and S5 pellets with shorter or nil polymerization time, the 
extrudate did not show any increase in viscosity. This implies that interconnectivity and less 
tortuosity traits are beneficial to the mixing process over a long range. On the contrary, blockages 
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along the pore channels give rise to interruption of extrudate surface and therefore gliding of the 
liquid layer attached to pore-wall, which undermines shear thinning effect. Coupled with the 
discussion in previous sections, this in-situ pore generation technique makes smaller pores far 
more accessible, especially those that are less than 0.01 µm. It is proposed that these throats exert 
combing action on polymer chains on top of the effect of no-slip layer. Finally, as expected, the 
controls show no effects on the viscosity of extrudate. 
5.3.4.2  Verifying the extrusion-induced chain stretching effect 
To further validate the permeation-caused shear thinning effect as described in the above 
section, an additional test has been conducted. It is difficult to test the chain extending effect of a 
single component polymer in a solution medium since the polymer chains will undergo coiling 
upon exit of the porous pellet. However, if the coiling can be retarded via intermediating of a 
chemical interaction, the extended chains can be clutched. On the basis of this consideration, we 
used sodium alginate, a linear polysaccharide copolymer comprising of D-mannuronate and L-
guluronate units, as a probe to examine the concept. This is because gellation will take place 
when sodium alginate chains encounter with polyvalent ions such as Ca2+, which brings about 
formation of an alginate network due to the crosslinking of each Ca2+ ion with two carboxylate 
groups on alginic chains. It is rational to deem that stretched alginate chains would allow for 
more carboxylate-Ca2+ bonds relative to their coiled state because of more exposure of the 
pendant carboxylate groups along the chains. Therefore the analysis of the variation of glass 
transition temperature of calcium alginate can help in comparing the calcium crosslinking extents.    
Chapter 5 
Submicron Scale Exclusion via Polymerizing An Aromatic Nylon  
114 | P a g e  
 
 
Figure 5-13: DSC curves of calcium alginate formed after filtration of sodium alginate through 
the membrane and precipitation with calcium chloride solution. Alumina pans; 
heating rate of 10 °C/min. 
 
Figure 5-13 displays that the endothermic step of glass transition of the calcium alginate 
shifts to higher temperature direction with the increase in t in the pellet S10-PPTA_1_t. This trend 
is consistent with both the increasing order of air permeability and that of viscosity of the PVDF-
PMMA solution. According to this experimental setup, the Na-alginate solution could contact a 
calcium solution forthwith while being extruded from the pellet. Obviously, more extended 
alginate chains would gain a higher degree of crosslinking compared to less extended chains. The 
resultant calcium alginate should display a greater glass transition temperature because of the 
intra chain and inter-chain bonding at all the crosslinking point. The minimum crosslinking effect 
is also found in the extrudate from the control pellet. This outcome implies that the crosslinking 
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occurs only at the surface of the Na-alginate coils exiting from the pellet, which in-turn prevent 
further ion-exchange between Na+ and Ca2+ ions. 
5.4 Conclusions 
YSZ ceramic pellets with interconnected porous network were prepared by using in-situ 
generated nano-nylon PPTA rods as pore former. This pore-forming technique relies on 
undertaking polymerization of the two monomers inside the compressed particle packing of YSZ, 
i.e. the green monolith, and the thermal stability of PPTA due to its highly rigid chain structure 
and strong chain association. To make such pore-forming mechanism effective, a uniform coating 
of an organic layer comprising of the two monomers, the polymerization catalyst and the 
processing additive on individual YSZ particles must be achieved before the powder is molded 
into a green monolith. The solid-state polymerization of the two monomers under the 
confinement condition results in nano-rod shaped crystallites, whereby the size depends on 
polymerization time and the composition of the processing additive. During calcinations, PPTA 
undergoes a slow decomposition from 400 °C to 950 °C. Such heat-resilience prevents the local 
tumbling of the ceramic particles prior to sintering process. In consequence, the sintered porous 
medium attained permits an apparently higher fluid permeability and stronger mechanical 
properties than the control that was created by employing starch as pore former. It has been also 
confirmed that the pore-forming effect benefits from larger sizes of PPTA crystallites. More 
appealing finding of this work lies in the capability of the porous YSZ medium (viz. membrane) 
to alter rheological behaviors of a viscous fluid when permeating through it. The study involved 
the investigation of rheological behavior of a dilute binary solution of PMMA and PVDF polymer 
after filtration through the YSZ membrane and an increase by 25% in viscosity was observed. 
This permeation-based shear-thinning effect will be useful in oil applications and wastewater 
treatment.    
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Chapter 6 : Evolution of Throttle-Channel Dual Pores in YSZ 




Interconnectivity of the pore 
channels and their size distribution in 
a porous ceramic monolith influence 
the flow dynamics of permeating 
fluid. This work proposes an 
innovative pore-forming mechanism 
that starts with the growth of poly(p-phenylene terephthamide) (PPTA) in a highly compact 
ceramic grain packing (green body) in which the monomers were uniformly distributed in the 
packing prior to polymerization. The spatial confinement drove the formation of PPTA 
through an extrusion manner, resulting in submicron PPTA rods embedded in the green body, 
consisting of yttrium-doped zirconia (YSZ) particles. The resulting PPTA rods in the YSZ 
green body were subsequently carbonized and graphitized under Ar between 800 to 1200 °C 
for 2 hrs before the atmosphere was switched to air. This dwelling temperature is crucial to 
the pore size distribution in the YSZ disc obtained ultimately from sintering at 1350 °C due to 
the chemical and dimensional changes of the carbon wedges and YSZ grains. The prepared 
YSZ disc is characterized by the interconnected throttle-channel pore structure, which can be 
attributed to the size-occupying effect of the short carbon wedges dispersed in the bulk of 
YSZ before they were burnt out. This specific pore structure manifested a marked 
improvement on fluid permeability and a capability of stretching viscous fluids passing 
through it – a consequent of repetitive throttling process.  
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6.1 Introduction 
Porous ceramics present themselves as a key type of high performance materials in 
engineering because they possess excellent dimensional stability at elevated temperatures and 
pressure and even in the presence of solvents or in highly corrosive media and yet, offer little 
pressure drop due to their pore geometry. These makes them ideal candidate for catalyst 
supports [43, 148], filters [16, 149], sensors [150] and the separation media broadly used in 
the petroleum and chemical industries. Moreover, the porous ceramics allow high temperature 
or steam (sterilization) cleaning, which extends their uses to household, food processing and 
medical applications [24]. Technological advancements in porous ceramic processing are thus 
expected and necessary to promote new materials and enhance their competitiveness.    
 Macro-porous ceramic monoliths with pore sizes greater than 50 nm are prepared by 
a variety of procedures, such as replica technique, sacrificial template and direct foaming [6, 
151]. The use of sacrificial pore-former remains a popular choice for industrial players due to 
its relatively low cost, simplicity and ease of removal by thermal treatment during sintering 
[46, 48, 113, 115]. A high amount of a sacrificial porogen in a green body is essential to 
achieve the desired flux. However, this will likely result in the decline of mechanical strength 
of the sintered article as the inter-bonding contacts between the sintered particles decrease 
dramatically. Thus, an optimization between these two conflicting factors is usually 
considered to meet the requirement needed for a specific application.  
The primary cause lies in the difficulty in achieving uniform distribution of pore 
formers, e.g. starch [47, 113, 152], in the green body at submicron scale due to significant 
difference in the specific mass between porogen and ceramic materials. A novel processing 
technique involving in-situ polymerization of vinyl monomers or aromatic nylon monomers 
in the green body has been studied to circumvent this thermodynamic mixing barrier [138]. 
The fundamental idea revolves around the usage of monomers instead of polymer. The much 
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smaller sized monomers, compared to their polymer counterpart, can be readily “dissolved” in 
the ceramic green body. Subsequently, polymer rods in needle shape (< 100 nm) are formed 
in the green body due to extrusion effect when the embedded monomers are subjected to 
polymerization. They have both low molecular weights and low aggregation extents due to 
the spatial confinement effect of the ceramic particle packing. A uniform distribution of the 
polymer rods can successfully lead to improvement in permeability without compromising the 
mechanical strength in the final sintered article.    
Thermal removal of porogen before the embryonic sintering of ceramic particles 
leaves many voids, which eventually leads to the local collapse of ceramic particles and 
ultimately, poor interconnected pore channels in the sintered ceramic body. The adoption of 
more thermally stable polymer as porogen, such as poly(p-phenylene terephthamide) (PPTA) 
or Kevlar used in Chapter 5, is a remedy to this problem. PPTA decomposes at a much higher 
temperature than traditional polymeric pore-formers such as starch and aliphatic polyethers. 
The PPTA rods formed in the ceramic green body of interest are able to buttress the ceramic 
particles packing after incineration of the polymer binder until the incipient consolidation of 
ceramic particles. As a result, an obvious improvement on interconnectivity of pore channels 
was observed due to the inclusion of micro/mesoporosity to those macro-pores.     
This chapter seeks to expand the pore-forming effect of the in-situ generated PPTA 
rods through conducting pyrolysis of the PPTA rods and consecutively graphitization of the 
carbonaceous substance produced under Ar. The resulting graphitized carbon wedges would 
be often intact in the ceramic object until the protection gas is replaced by air at temperatures 
from 800 to 1200 °C. However, an insight investigation on the state of carbon wedges before 
exposed to air revealed oxygen transfer from YSZ to carbon in the graphitization temperature 
range. This interfacial oxidation profoundly affected the porous features of the sintered YSZ 
disc. After air was introduced into the sintering system incineration of the carbon wedges had 
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minimal effect on YSZ particles packing since they had undergone partial sintering before the 
switch of calcinations atmosphere. YSZ was selected due to its moderate sintering 
temperature and numerous applications such as oxygen sensor [153], refractory [154] and 
anode component in solid oxide fuel cells [155]. The gas permeability test and structural 
analysis of the sintered YSZ disc validated the superior pore-forming role of the graphitized 
carbon wedges over those that are removed at lower temperatures. The resultant pore 
channels showed two typical widths that are below 10 nm (throat) and between 0.5 µm and 
1 µm (channel) respectively in the sintered YSZ disc. Each throttle connects a number of 
channels in micron-scale, constituting a repeat pattern throughout the disc. This hierarchical 
porosity imposes continuous contraction-expansion actions on the permeating fluid, which 
were proven by extruding a dilute polymer solution through the YSZ disc. It was observed 
that polymer chains underwent stretching while penetrating the disc due to throttling effect of 
throats and friction effect of non-slip layer in channels. In short, this pore-forming mechanism 
involves converting rigid PPTA rods to graphitized carbon wedges in conjunction with 
sintering ceramic grains. This leads to not only improved fluid permeability due to better 
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6.2 Experimental  
6.2.1 Fabrication of green body containing in-situ generated PPTA rods 
The fabrication methods used for the fabrication of the green body containing the in-
situ generated PPTA rods were documented in Chapter 5, Section 5.2.1 and Section 5.2.2. A 
control using starch as pore-former on a similar volume basis as the monomers was 
fabricated.  
6.2.2 Formation of crystallized carbon rods in the green disc before 
sintering 
 The disc obtained from the polymerization step was placed into an Al2O3 tube and 
first heated to 350 °C at a rate of 0.5 °C/min and held for 2 hrs under flowing air (40L/h) to 
decompose PVB binder and other molding additives. After that, the purging gas was then 
switched to argon (40L/h) and the disc was continuously heated to a temperature of interest 
(800, 900, 1000, 1100 or 1200 °C) at a rate of 2.5 °C/min and dwelled at that temperature for 
2 hrs to graphitize the resulting carbonaceous rods. This temperature of interest is known as 
Tc in this chapter. After this step, the air purging (40L/h) was resumed for heating the disc to 
1350 °C at 2.5 °C/min. The disc was held at this temperature for 4 hrs to complete the 
sintering process. The sintered disc was gradually cooled to room temperature at a rate of 
2.5 °C/min. Figure 6-1 displays a typical processing diagram for the heat treatment used for 
the preparation of the final sintered disc.  
             The warping of a disc while being sintered due to uneven heat distribution in the both 
sides of the disc became more obvious in the temperature range above 1000 ºC. To avoid this, 
placing a weight on top of the ceramic body is the normal ceramic processing tactic. A few 
alumina plates were put on the disc to curb the warping effect. A very flat pellet was obtained 
thereafter. 
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Figure 6-1: Heat treatment process with various environments for sintering porous ceramic. 
The temperature of interest (Tc) ranged from 800 °C to 1200 °C at an interval of 
100 °C. 
        
6.2.3 Structural characterizations 
The microstructures of the green, partially sintered and sintered YSZ discs with 
different preparation histories were examined on a field-emission scanning electron 
microscope (FESEM, JEOL JSM-6700F, Tokyo, Japan). The pore size distribution and 
porosity of the sintered discs were measured by mercury porosimetry (Micrometrics AutoPore 
III, Norcross, GA). The air permeability of a sintered YSZ disc was measured using the 
module designed in Chapter 4 (Section 4.2.5.2) and the Darcy’s permeability of the porous 
ceramic was calculated. Similarly, the edge of the pellet was sealed with aluminum sticker to 
prevent any leakage of air. The surface area of the pellet exposed to air, which was selected to 
measure the permeability of all the sintered pellets, was 3.14 cm2. 
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The cross-sectional topography of a sintered disc was recorded by the tapping mode 
atomic force microscopy (AFM, Digital Instruments Nanoscope, Multimode AFM). As a 
typical procedure, a specimen in rectangular shape was filed to form a smooth cross-section. 
Epoxide was applied onto the area to be probed and allowed to dry at 80 °C before excess 
resin was buffed away. The prepared sample was mounted to a sample holder with double-
sided adhesive tape. The surface to be probed was flushed briefly with argon to remove tiny 
dust particles that might have attached during the process. A beam of laser light was shined to 
the sample through the AFM probe while a Drive Signal mechanically oscillates the 
cantilevered probe at its fundamental or resonance frequency. An output signal in a feedback 
loop adjusted the height of the detector above the surface to maintain a root-mean-square set 
point. A three-dimensional contour of the probed surface was obtained as the probe taps 
across the sample surface. 
X-ray photoelectron spectroscopy (XPS, Kratos AXIS Ultra, Kratos Analytical Ltd, 
Japan) was used to examine the oxidation states of carbon and oxygen species in the ceramic 
disc in which the carbon porogen by carrying out calcination and sampling under argon purge. 
The X-ray source consists of mono Al Kα (hv=1486.71 eV, 5mA, 15 kV) and angle between 
the sample surface detector was set at 90°. A testing sample was prepared by crushing down a 
disc downloaded from reactor into fine powder in a mortar. All spectra were calibrated by 
using a natural carbon as internal label (i.e. C1s carbon-carbon bond was calibrated to 
284.50 eV). Gaussian component peaks for hybridized orbital were fitted as best as possible 
against the obtained spectra. 
The oxygen temperature-programmed desorption (O2-TPD) test was performed on an 
Autosorb-1 (Quantachrome) system equipped with a thermal conductivity detector (TCD). 
Helium was used as the carrier gas with a flow rate of 80 ml/min. 500 mg of sample was 
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pretreated under helium gas, and the temperature was increased from room temperature to 
950 °C at a rate of 10 °C/min to investigate the oxygen desorption of the sample.   
The lattice expansion of the sintered YSZ discs with various preparation courses (Tc) 
were scrutinized by X-ray diffraction (XRD, Shimadzu XRD-6000, Japan) using Cu target 
Kα-ray (40 kV and 30 mA) as X-ray source. The scanning range (2θ) covered 5° to 80° with a 
scanning speed of 2°/min and 0.02° per step. 
The modulus of rupture (MOR) of the sintered pellets was characterized by a three-
point bending test, which was conducted on a microtester (Instron 550, MicroTester, Instron 
Singapore Ptd Ltd., Singapore) (Chapter 4, Section 4.2.5.3). Rectangular test specimens were 
prepared by similar procedure. These test specimens were placed in a fixture with a span 
length of 20 mm to investigate the MOR. The crosshead speed of the micro-tester was set at 
0.05 cm min-1. The MOR for a rectangular test specimen can be calculated using the standard 
approach [138].    
To probe the effect of the pore channel structure on the flow behavior of viscous 
fluids, similar experiments to those described in Chapter 5, Section 5.2.4.2, which examined 
the rheological responses of a dilute polymer solution when passed through different pellets, 
was conducted.  
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6.3 Results and Discussion 
6.3.1 Pore structure evolution with the assistance of nano carbon wedges  
It is necessary to understand the sintering behavior of compact YSZ particle packing 
prior to examining pore-forming effect. The sintering profile of YSZ indicates that the 
consolidation of YSZ takes place between 1000 °C and 1250 °C as the onset for the decrease 
in the dimension of the pellet begins at around 1000 °C regardless of the weight content of the 
binder used (Fig. 6-2a). Equally, a change in microstructures through this temperature range 
(Fig. 6-2b-d) has also been observed: the ceramic particles start to fuse together at 1150 °C 
and a net of inter-particle bonding is seen at 1250 °C. As a result, it will be advantageous to 
study the effect of the pore-formers from 800 °C to 1200 °C. Figure 6-2a reveals that the 
sintering extent of the disc containing 10 wt% PVB as binder is greater than the disc with 
0 wt% PVB in the axial direction but negligible difference between the two in the radial 
direction. The two discs before sintering shared an identical dimension, indicating that the 
YSZ particles are closer in the PVB-containing green body. It has been addressed in Chapter 
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Figure 6-2: (a) Change in pellet’s dimension (diameter and thickness) with sintering 
temperature for 0 and 10 weight% of PVB binder with respect to ceramic 
particles. (b-d) FESEM micrographs of cross-section of pellets sintered at 
various temperatures: (b) 1050 °C (c) 1150 °C (d) 1250 °C. 
 
It has been shown that the growth and association of PPTA chains in the YSZ green 
body undertook in an extrusion fashion due to the size and confinement effect [156]. The 
PPTA polymer generated in a green YSZ disc thus assumed a rod shape comprising of 
aligned aromatic chains (Fig. 6-3). On the whole, these PPTA rods penetrated the interstitial 
spacing between ceramic particles. When the green YSZ disc with embedded PPTA rods was 
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subjected to calcination to a designated graphitization temperature under Ar, the alignment of 
PPTA chains facilitated the assembling of the graphene sheets formed during graphitization 
as revealed by the TEM images in Figure 6-4. This work examined the five calcination 
temperatures (Tc) at 800, 900, 1000, 1100, and 1200 °C, respectively, before which the carbon 
wedges converted from PPTA were protected by a pure Ar flow. It was initially presumed 
that higher calcination temperature of choice would have been more effective in creating 
interconnected pore channels because of the longer duration of carbon wedges that are intact 
under Ar in the disc. However, our experimental results reveal a more complicated situation 
than what was initially considered.  
A throughout inspection on the cross-sectional images of the YSZ disc prepared at 
various calcination temperatures shows that calcination temperature of interest significantly 
affected the morphology of carbon wedges (Fig. 6-4). For this purpose, these samples were 
calcinated at Tc for 2 hrs (Fig. 6-1) only and cooled down under Ar right away after this step. 
The carbon wedges first appeared in rod-shape at both 800 °C (not shown here) and 900 °C 
and YSZ grains are discernible after calcinating at 900 °C under Ar. However, the increase in 
temperature to 1000 °C leads to a spreading morphology – an indication of a solid-state 
interaction between carbon and YSZ. Further pursue of calcination at 1100 °C left behind 
sparsely located carbon wedges, which appeared as irregular agglomerations of very tiny 
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Figure 6-3: FESEM and TEM micrographs of the embedded in-situ polymerized PPTA in the 
YSZ ceramic green matrix. The crystallinity of PPTA is shown by the lattice lines 
in the TEM micrographs.  
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Figure 6-4: FESEM micrographs of carbon wedges with close up TEM images of the 
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Figure 6-5: High resolution photoelectron spectra of carbonaceous wedges of C1s (a) Tc = 
900 °C (b) Tc = 1100 °C, O 1s (c) Tc = 900 °C (d) Tc = 1100 °C. The 
photoelectron spectra of the other samples calcinated at other Tc are presented 










Table 6-1: High resolution C1s photoelectron spectra of carbonaceous wedges at various Tc. 
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Table 6-2: High resolution O1s photoelectron spectra of carbonaceous wedges at various Tc. 
Tc (°C) Binding Energy (eV) 
529.8 531.8 533.0 
800 38.0% 48.3% 13.7% 
900 22.8% 46.8% 30.5% 
1000 20.5% 45.7% 33.8% 
1100 68.5% 23.1% 8.5% 







Tc (°C) Binding Energy (eV) 
284.4 285.6 286.3 288.5 > 290.1  
800 84.7% 8% 2.4% 2.4% 0% 
900 76.3% 9.8% 5.6% 8.3% 0% 
1000 75.5% 11.2% 5.0% 8.2% 0% 
1100 70.1% 6.7% 6.8% 6.7% 9.6% 
1200 75.2% 6.8% 7.7% 7.6% 2.6% 
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Figure 6-6: Oxygen desorption curve of YSZ particles under flowing helium gas from room 
temperature to 950 °C. Heating rate of 10 °C/min.  
 
To understand this morphology variation process, the C1s and O1s XPS spectra of the 
five YSZ disc samples prepared from the different calcinations temperatures were 
investigated (Fig. 6-5, Table 6-1 and Table 6-2). Generally, the C1s XPS display four binding 
energies. The two higher binding energies are known to be C-O (286.3 eV) and O-C=O 
(288.5 eV) [157, 158]. The abundance of C-O species shows an increasing trend with the 
increase in calcination temperature, while the samples using the calcination temperature of 
900 °C and 1000 °C contained higher contents of carboxylic O-C=O species than the other 
three samples (Table 6-1 and Fig. 6-5). Similarly, the O1s XPS of the powder samples 
prepared from the 5 respective discs show three binding energies: the first two peaks, 529.8 
eV. due to lattice oxygen of YSZ and 531.8 eV originating from surface hydroxyl groups on 
both YSZ and primarily carbon flakes, while 533.0 eV due to carboxylic oxygen on carbon 
flakes are observed. (Table 6-2) [159, 160]. As the calcinations were carried out strictly under 
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pure Ar, the oxygen in the C-O and O-C=O species can be attributed to those transferred from 
PPTA and the YSZ lattice as well. YSZ is an oxygen conductor and thus carries the adsorbed 
oxygen molecules known as α-oxygen and conducting lattice oxygen anion β-oxygen. Figure 
6-6 shows the O2-TPD of the YSZ particles, which indeed contains two desorption peaks at 
near 600 °C and 900 °C, respectively. Combined with the above XPS characterization results, 
it can be inferred that an intensive transfer of β-oxygen from YSZ to carbon wedges took 
place in the range from 900 to 1000 °C accompanying a drastic change in the morphology of 
carbon wedges (Fig. 6-4a and c). As shown in Fig. 6-2c, a broad extent of mixing between 
carbon and YSZ particles implies that the carbon wedges abstracted the β-oxygen from YSZ 
and formed individual and volatile carbon species, i.e. graphene molecules with oxy-groups; 
otherwise the carbon rods would not dismantle under absolute Ar and in the temperature 
range of study. This trend became even more obvious when the calcination temperature was 
raised to 1100 °C, the volatile carbon species were brought out of the reactor by a continuous 
Ar flow. Indeed, a rather diluted distribution of carbon wedges was left inside the YSZ disc 
(Fig. 6-4e). This carbon “scavenging” trend continued with the rise of calcination temperature 
to 1200 °C where most of the carbon vanished despite some residual carbon detected by C1s 
XPS. Moreover, when the calcination temperature was increased from 900 °C to 1100 °C, an 
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Figure 6-7: Characteristics of sintered ceramic pellet with different fabrication history using 
a range of Tc (800 °C ≤ Tc ≤ 1200 °C). (a) porosity, (b) Darcy’s permeability, (c) 
Mean strength (d) structural parameter, n. Tc = 0 denotes that the ceramic pellet 
was heated and sintered under air where PPTA was not deliberately converted to 
carbon wedges. The Darcy’s permeability and mechanical strength were 
obtained from an average of at least five pellets.   
 
Although the four YSZ discs were eventually subjected to sintering at 1350 °C 
(Fig. 6-1), raising the calcination temperature in prior to the final sintering would cause 
significant reduction in sintering reactivity of YSZ particles. Accordingly, S900 disc presented 
a lower porosity than S1000 and S1100 discs due to comprising of highly reactive YSZ particles 
(Fig. 6-7a). On the other hand, S1200 presented the smallest porosity because most of carbon 
wedges had been removed before 1200 °C and approximately 70 % sintering extent assumed 
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at this temperature as indicated in Figure 6-2. In short, the calcination temperature of choice 
governed the interfacial oxidation degree and the sintering reactivity of YSZ grains, and thus 
strongly affected evolution of pore structures in the subsequent track of sintering under air.    
A pore size distribution of the sintered YSZ disc according to the mercury intrusion 
measurement (Fig. 6-8a) is the other aspect besides comparison of the porosity to reflect the 
multiple pore-forming effects elaborated above. The measurement revealed small bulk pores 
and large surface pores; the former ones fall in two distinct ranges of size while the later ones 
are close to102 µm. As far as the bulk pore sizes are concerned, the pores with a narrow 
distribution surrounding 1 µm claim prevailing volumes and the throat pores nearby 10 nm 
are negligible except those existing in S900. Of the five discs, the volumes of the throat pores 
reflect precisely the role of shape and content of carbon wedges present throughout the 
calcination stage under Ar. Conducting calcination at 900 °C under Ar permitted the rod 
shape of PPTA precursor to be retained while they were converted to carbon wedges. It is 
clear that the rod shape and content of carbon wedges were responsible to the evolution of 
throat pores. The interfacial reaction between the adsorbed β-oxygen and the carbon wedge at 
1000 °C led to demolishing of the carbon rods (Fig. 6-4c) and then to an apparent shrinking of 
throat pore volume. Such trend persisted in the other two discs. To verify lattice oxygen 
transport, the YSZ discs after completing calcination at various Tc were cooled down to room 
temperature under Ar and their XRD patterns were collected (Fig. 6-9). The XRD pattern of 
the disc obtained from the calcination at Tc = 1000 °C showed a small increment in the d-
spacing compared to those obtained from the other Tcs. This lattice expansion is due to loss of 
lattice oxygen. The fact that the two higher Tc samples did not reflect clear lattice expansion 
was probably due to the fast increase in temperature in the 900-1000 °C range without 
dwelling where the lattice oxygen transport takes place as indicated in Figure 6-6.       
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Figure 6-8: (a) Pore size distribution of the sintered ceramic pellets fabricated with different 
Tc determined by mercury porosimetry. (b-e) FESEM micrographs showing the 
presence of nano-bridges in these sintered ceramic matrixes for various sintering 
temperature: (b-c) 900 °C (d) 1100 °C (e) 1200 °C 
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Figure 6-9: XRD spectra of the sample calcinated at various Tc. 
 
In contrast to the other discs, S1100 showed slightly larger pores at 1 µm, which can be 
attributed to the interfacial oxidation between YSZ and carbon wedges. This sample was 
exposed to air at 1100 °C where most of the carbon wedges had been removed due to the 
abstraction of adsorbed molecular oxygen from YSZ (Fig. 6-4e). Upon exposed to air, the 
YSZ grains would quickly take in oxygen molecules to fill the surface vacancies left through 
the previous interfacial reaction step. This refilling resulted in lattice contraction [161], which 
in turn caused slots and cracks between grains. Moreover, the YSZ particles had undertaken 
preliminary sintering according to the sintering profile (Fig. 6-1). During this temperature 
range, insufficient necking between grains and the reduced sintering reactivity of YSZ gains, 
coupled with the formation of inter-grain gaps, weakened the consolidation effect in the 
subsequent sintering course. Thus, the sintered pellet of S1100 contained larger pore sizes and 
claimed the highest porosity of the five pellets tested (Fig. 6-7a). Similarly, due to the same 
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interfacial reaction mechanism as aforementioned, both S1000 and S1200 also showed a slightly 
larger pores at near 1 µm than S900. They did not undergo large expansion as S1100 and this can 
be attributed to the following causes: (1) the YSZ grains in S1000 carried out a larger extent of 
sintering than in S1100 through the final sintering step; (2) the YSZ grains in S1200 had realized 
a significant sintering extent before it was exposed to air flow, hence the lattice contraction 
showed minor impact on the development of the prevailing pores. In addition to Hg-
porosimetry, the electron micrographs exhibit the prevailing pores close to 1 µm, for example, 
the cross sections of both S900 and S1200 discs (Fig. 6-8b and c).  
 In conclusion, the choice of calcination temperature influenced the shape and amount 
of the carbon wedges and the sintering reactivity of the YSZ particles with these carbon 
wedges at the onset of the final sintering ramp. Consequently, this phenomenon changes the 
pore size distribution and porosity of the sintered discs and discussed later, their pore 
connectivity and mechanical properties.   
6.3.2 Influences of pore forming on interconnectivity and flexural 
strength of YSZ discs   
The benefit derived from protecting the carbon wedges in YSZ disc from incineration 
by conducting the calcination under Ar is to minimize the occurrence of torturous and dead-
end pores, and hence promote the interconnectivity of pore channels. To demonstrate this 
superiority, a control sample was made by following exactly the same procedure as illustrated 
in Figure 6-1 except Ar protection. The Darcy’s permeability of air through the porous YSZ 
discs claimed 3 – 13.3 times (Fig. 6-7b) as much as that of the control. This outcome justifies 
the effect due to the extension of occupancy of carbon wedges. Furthermore, regarding the 
order of permeability, S900 > S1200 > S1100 > S1000 > S800, it is inconsistent with their porosity as 
well as specific pore volumes of bulk phase. Nevertheless, a careful comparison of the 
distributions of nano throat pores, we are inclined to consider that pores falling in the range 
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below 10 nm as well as in the medium range up to 0.1 µm constitute an efficient mass 
transport combination. This spread of pore size ranges is important in achieving smoother 
transition between the larger pores and smaller one. By virtue of the pore structural network 
and the high velocity of fluid flow, it is reasonable to assume a turbulent regime. The lack of 
medium pores during this flow transition (i.e. when the fluid passes through the throat pore 
channels) is likely to the increase the turbulence of the flow regime, which will ultimately 
increase the drag coefficient of the fluid and its viscosity of fluid. Overall, this will be 
unfavorable for mass transportation of fluid.             
With respect to the mean MOR of the sintered YSZ discs (Fig. 6-7c), the strength 
reflects the factors that governed the evolution of both types of the bulk pore channels. The 
mean MOR followed the same order of Darcy’s permeability for Tc ≥ 900 °C, i.e. S900 >> 
S1200 > S1100 > S1000. Although MOR and Darcy’s permeability are often supported by opposite 
structural features, they displayed coincident trends in the YSZ discs, particularly for S900. 
This demonstrates the merit of the present pore-forming tactic, which enables a higher flux 
without compromising mechanical strength. With respect to the difference in mechanical 
strength between S900 and S1200, which reverses to the sequence of their porosities, it is 
presumed that this abnormal phenomenon be caused by the lattice contraction, which caused 
miniature cracks that could not be detected by porosity measurement but undermined MOR. 
This insight also applies to the difference in mechanical strength between S1100 and S1000. 
Finally a comparison of the boundary-case sample S800 with the control is eloquent as they are 
near in terms of the temperature at which the porogen was incinerated. A short extension of 
the retention of porogen in the disc could still give rise to both better mechanical strength and 
gas permeability.   
It will be interesting to examine the pore shape of the ceramic sintered with various 
Tc and this can be indirectly deduced from a well-known relationship between porosity and 
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compressive strength suggested by Ryshkewitch [142] (Chapter 5, Equation 5-2). Figure 6-7d 
shows the calculated structural parameter, n for sintered ceramic fabricated with different Tc. 
It can be seen that S900, S1000, and S1100 exhibited slightly higher n values compared to the 
control while S1200 showed the largest n value, closer to the ones that uses starch as pore-
formers (n = 4.61). This is in accordance to the earlier analysis on the influence of interfacial 
oxygen transfer on the final sintered structure.        
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6.3.3 Effects of the locations of carbon porogens on interconnectivity of 
pore channels  
A hypothetical model can describe evolution of ceramic pores during the sintering 
process. Consider a compact packing of powder (green body) where a void is surrounded by 
three grains. A force balance at the junction where the surfaces of the hole meet at the grain 
boundary can be written as:  
                                                  
2
cos2 ψγγ svgb =
     (6-1)
 
where gbγ and svγ are the interfacial tensions at the grain boundary and at the surface 
exposure to the void, respectively, and ψ is the dihedral angle as shown in (Fig. 6-10a). 
Further assume that a 2-D void be surrounded by N grains, which has an average ψ 




     (6-2)
 
On the basis of this simplified model, there will be two types of lodgings for carbon 
pore former, occupying the hole surrounded by grains or/and intercalating into interstices of 
grains. In the former case, the effect of carbon porogen could quickly vanish with 
accompanying loss of contact of it with ceramic due to contraction or combustion when 
exposed to O2, whereas the latter case could prolong the role of porogen because the location 
nearby the grain boundary has insufficient exposure to air. Therefore carbon wedges present 
in the interstices of ceramic grains, in particular for large ψ  angles, which corresponds to 
large N numbers, would be crucial because packing of ceramic grains becomes unstable with 
an increase in N (Fig. 6-10b).  
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Figure 6-10: (a) Schematic of a ceramic media with a pore surrounded by three grains. γSV is 
the surface tension, γgb is the grain boundary tension, and ψ is the dihedral 
angle. (b) Schematic of space occupancy of graphene rod inside the ceramic 
matrix, resulting in increase of pore coordination number and grains and 
subsequently, a metastable or pore growing pore structure.     
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To verify this concept, a control sample (Sstarch,1000) was prepared by using starch as the 
precursor to form carbon porogen. As found in our former study [156], the use of an existing 
polymer as pore former has obviously poorer pore exploring power compared with the in-situ 
generated polymer in a ceramic green body. The polymerization inside a highly compact 
green body generates a strong force to drive the oligomers formed penetrate interstices as 
shown in Figure 6-3. On the contrary, the polymer introduced into a green body will be 
divided into a lot of tiny granules surrounded by ceramic grains during the pressing process 
since thermodynamically the polymer would reject to maintain a high interface with ceramic 
grains. Indeed, the Sstarch,1000 presented a much lower permeability than its counterpart, S1000 
(Darcy’s permeability of S1000 is 66.7 % higher than Sstarch,1000). This implies that Sstarch,1000 
consists of a large number of tortuous and dead-end pores due to early loss of pore forming 
role. Furthermore, Sstarch,1000 has a much lower mechanical properties compared to S1000 (Mean 
strength of Sstarch,1000 = 20.88 MPa, a reduction of 35.8 %). All this again points to poor pore-
forming effect of the using the larger starch particles as a pore-former. In accordance, the 
AFM scans over the cross sections of these two discs showed very contrasting 3-D images of 
the template left behind by the two types of pore-forming mechanisms (Fig. 6-11), which was 
also revealed by the n parameter calculated for both (n of Sstarch,1000 = 4.44 against n of 
S1000 = 3.53).                       
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Figure 6-11: AFM image of the topography of sintered ceramic samples. (a) S1000 (b) 
CStarch,1000. 
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6.3.4 Rheological response due to stretched flow  
When a viscous polymer fluid transports through a porous ceramic membrane, its 
rheological behaviors, originating from variations of the shapes of polymer coils, are to be 
significantly affected by the widths of pore channels. The fluid passing through a constricted 
pore channel will experience stretching action due to the existence of predominant liquid-
ceramic boundary. Therefore, changes in the coil shapes of polymer in the viscous fluid can 
be utilized to characterize the porous structures of the ceramic membrane. Nonetheless, it is 
difficult to test the chain extending effect of a single component polymer in a solution 
medium since the polymer chains will undergo coiling upon exit of the porous membrane. 
However, if the coiling can be retarded via intermediating of a chemical interaction, the 
extended chains can be clutched. On the basis of this consideration, we used sodium alginate, 
a linear polysaccharide copolymer comprising of D-mannuronate and L-guluronate units, as a 
probe to examine the concept. This is because gellation will take place when sodium alginate 
chains encounter with polyvalent ions such as Ca2+, which brings about formation of an 
alginate network due to the crosslinking of each Ca2+ ion with two carboxylate groups on 
alginic chains. It is rational to deem that stretched alginate chains would allow for more 
carboxylate-Ca2+ bonds relative to their coiled state because of more exposure of the pendant 
carboxylate groups along the chains. The resultant calcium alginate with a higher density of 
Ca2+-crosslinking points should display a greater glass transition temperature because of the 
restriction to chain-motions. Therefore the analysis of the variation of glass transition 
temperature of calcium alginate enables us to compare the ion exchange extents reflecting the 
expansion degree of sodium alginate coils in water when they encountered Ca2+ ions.  
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Figure 6-12: DSC curves of calcium alginate formed after filtration of sodium alginate 
through the membrane and precipitation with calcium chloride solution. 
Alumina pans; heating rate of 10 °C/min. 
 
Figure 6-12 displays the endothermic step of glass transition of the calcium alginates. 
The Ca-alginate precipitates made by extruding the Na-alginate solution through the porous 
discs into CaCl2 bath displayed higher glass transition temperatures than the control made by 
directly dropping the polymer solution into the bath. This trend validates the assumption that 
extended sodium alginate chains would gain a higher degree of crosslinking compared to less 
extended chains. It can be seen that Ca-alginate formed through S900 disc exhibits two Tg 
transitions, of which the low-temperature transition can be considered due to the flow in the 
submicron and micron channels since both S1000 and S1100 diagrams present similar transitions. 
The high-temperature transition in the S900 diagram can then be logically attributed to the 
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impact of the nano throttles on the flow. In contrast, S1200 diagram showed a transition similar 
to that of the control. This is attributed to the lack of throttling mechanism due to a low 
volume fraction of pores below 100 nm.  
The “rheological response due to stretched flow” concept was also verified using the 
identical experimental procedure discussed in previous study – the permeation-caused 
thinning effect of dilute PMMA-PVDF solution [156]. All permeated polymer solution 
showed an increased in viscosity of 25 % - a direct consequence of the “throat-like” pore 
feature of the ceramic membrane fabricated by the modified heating protocol. 
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6.4 Conclusions 
Engineered throat-to-void architecture in the sintered ceramic disc has been fabricated 
though a two-transition strategy, namely the in-situ polymerization to form PPTA rods and 
the consecutive conversion of the PPTA rods to carbon wedges under Ar. The rationale of this 
strategy relies on extending the physical presence of carbon wedges till the onset of the 
necking of YSZ particles in the course of calcination. The carbon wedges were allowed to 
dwell at a temperature in the range between 800 and 1200 °C for 2 hrs before switching the 
calcinations atmosphere to air. It was confirmed that this dwelling significantly influenced the 
porous features of the sintered YSZ monolith due to the shape and amount of carbon wedges 
and the partial sintering extent of YSZ grains. As YSZ is an oxygen electrolyte, the oxidation 
due to lattice oxygen caused deformation and loss of the carbon wedges. The optimized 
calcination temperature (Tc) was found to locate at 900 °C, where the carbons wedge in rod 
shape remained unchanged and the partially sintered YSZ grains still remained reactive. The 
resulting disc exhibited two abundant pore size locations in the nano range (<10 nm) and in 
the micron range (~1 µm), and the adoption of other Tc resulted in withdrawing of nano pores. 
Such a throat-to-channel pattern allows for improving both fluid permeability and mechanical 
properties, which are difficult to attain simultaneously by the conventional pore-forming 
techniques. In addition, the characteristic of dual pore channel brought about stretching of 
polymer coils in a dilute solution through repeatedly throttling.  
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Chapter 7 : Ceramic Pore-Channels with Inducted Carbon-nanotubes 




contaminated with tiny 
oil emulsion is costly and 
difficult to treat due to 
the colloidal stability and 
deformable nature of 
emulsified oil. This work utilizes carbon nanotubes (CNTs) in macro/meso-pore channels of 
ceramic membrane to remove tiny oil droplets from water. The CNTs were implanted into the 
porous ceramic channels by means of chemical vapor deposition. Being hydrophobic in nature 
and possessing an interfacial curvature at nanoscale, CNTs enabled tiny oil emulsion in sub-
micron and nano scales to be entrapped while permeating through the CNTs implanted pore 
channels. Optimizing the growth condition of the CNTs resulted in a uniform distribution of CNT 
grids, which allowed the development of lipophilic layers during filtration. These lipo-layers 
drastically enhanced the separation performance. The filtration capability of CNT-ceramic 
membrane was assessed by the purification of a dilute oil-in-water (o/w) emulsion containing ca. 
210 ppm mineral oil 1600 ppm emulsifier, and a trace amount of dye, a proxy polluted water 
source. The best CNT-tailored ceramic membrane, prepared under the optimized CNT growth 
condition, claimed 100 % oil rejection rate and a permeation flux of 0.6 L.m-2.min-1, driven by a 
pressure drop of ca. 1 bar for 3 days on the basis of UV measurement. The CNTs-sustained 
adsorption complements the size-exclusion mechanism in removing soluble oil.    
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7.1 Introduction 
Water pollution has become a major environmental issue due to tremendous growth in 
industrialization and urbanization. It is widely anticipated that the severity of the problem will 
escalate in the next few decades with the projected expansion of the world population. One of the 
major pollutants is oil-in-water emulsion (o/w emulsion), whose sources include petrochemical 
industry, petroleum refineries, textile industry, metal industry, domestic sewage and oil spill 
[162]. Discharging oily water into water bodies has adverse effects and dire consequences on the 
environment and human health. The presence of oil is not only aesthetically displeasing; more 
importantly, it blocks the penetration of sunlight – an essential component of the aquatic cycle. 
Consequently, this affects the photosynthesis process of aquatic plants and thus reduces the 
dissolved oxygen level in the water bodies. Furthermore, the gills of aquatic animals can be 
coated with oil, which will hinder their breathing process and eventually lead to death. This will 
create unnecessary stress on the already depleted supply of the food chain to support the fast 
growing human population. To date, strict regulations have been imposed in many countries to 
ensure that oil content in a waste water stream be reduced to an acceptable level before 
discharging into water bodies.       
Selection of a pertinent purification technique largely depends on the droplet size of oil-
in-water (o/w) emulsions. Treatments such as sedimentation [163, 164], flotation [165-167] and 
centrifugation treatments work effectively to strip off o/w emulsion particles with sizes greater 
than 150 µm since these particles are generally immiscible with water. However, the challenge 
for removing the smaller emulsion particles from water increases dramatically with the decrease 
in particle sizes, particularly for dealing with those having sizes below 100 nm. In the following 
sections, the term “dissolved oil” is used to classify those tiny emulsified oil that have particle 
sizes less than 10 nm and form an o/w microemulsion, i.e. they are clear, stable, isotropic liquid 
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mixtures of oil, water and surfactant. The difficulty is compounded by the deformable nature of 
oil droplets, which renders the use of size exclusion technique ineffective. On the other hand, 
biological degradation [168] and activated carbon adsorption [169] are not size-exclusion 
techniques, which are in general either too costly or inefficient to tackle tiny oil droplets. Such 
techniques are classified as batch processing, which generally requires large working space and 
long operation time; all which will increase the operating cost for the purification process. 
Figure 7-1 shows the conventional separation techniques that are currently deployed in the 
industry as a function of particle sizes of oil. In industry, American Petroleum Institute (API) 
separators and dissolved air flotation (DAF) are the two most frequently used techniques for 
removal of free floating oil from wastewater; however, they are incapable of removing oil 
droplets below 10 μm efficiently [170]. 
 




Oily Water purification using CNTs-ceramic membrane  
151 | P a g e  
 
 
Figure 7-2: Ideology of oil capture mechanism by carbon nano-tubes grown in pore channels of 
a porous ceramic membrane. The pore size distribution of the porous ceramic 
membrane used is determined by mercury porosimetry. FESEM micrographs confirm 
the occurrence of nano-throats and prevailing sub-micron pore channels in the disc. 
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As far as membrane separation is concerned, both polymeric and inorganic membranes 
have been received increasing attention for solving various problems of water treatment because 
of their higher energy efficiencies, lower cost and compact designs compared to the non-filtration 
methods. In the application of polymeric membranes, both ultrafiltration (UF) [171-173] and 
microfiltration (MF) [174] have proven to be effective in desalination. Nevertheless, 
accumulation of fouling on the membranes requires regular cleaning by either rigorous 
backwashing or chemical treatment in order to restore the membranes performance [175, 176]. 
This auxiliary treatment also makes the polymeric membranes unpractical for removing emulsion 
from water because the polymeric membrane materials are normally vulnerable to organic 
solvents and heat treatment, which will cause changes in pore structures. In contrast to the 
polymeric membranes, the porous inorganic membranes possess obviously superior antifouling 
capability besides their stronger chemical, thermal and mechanical stabilities [177, 178]. These 
properties ensure long operation life, which translates to a more cost effective means after 
factoring in the material and fabrication costs. As such, there is a growing interesting in using 
inorganic membranes for purifying oil-contaminated water in recent years [176]. However, as 
aforementioned, the limitation to filtering out small oil droplets from water by the size-exclusion 
technique remains. 
 Assimilation of adsorption sites into size-exclusion membrane channels would be an 
effective way to treat dilute o/w emulsions. Hence, we proposed the idea of implanting carbon 
nano-tubes (CNTs) in the pore channels of a ceramic membrane to form nano-grids for capturing 
smaller oil particles (< 500 nm) (Fig. 7-2). Fundamentally, CNTs endow hydrophobic affinity 
through the CH/π-interactions [179] and are adequate adsorption sites for oil molecules in water 
[180-183]. Two latest developments for water-in-oil which involved incorporating CNTs into the 
surface of a polymer membrane [184] and growing vertically-aligned CNTs on stainless steel (SS) 
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mesh [185] made use of the lipophilic nature of CNTs. The superhydrophobic and superoleophilic 
properties of CNTs have also been employed for water/oil purification, where the repulsion to 
water molecules allowed only oil to permeate through the membrane [184, 185]. Furthermore, 
CNT possesses stout tensile strength and Young’s modulus that are 10-20 times and 5 times 
greater than stainless steel, respectively [186, 187]. This permits CNTs to withstand vigorous 
shear flow during filtration. Hence, the integration of CNTs with porous ceramic membranes 
would explore a niche application of CNTs [188].   
          In this work, CNT grids were implanted in the porous ceramic membrane through chemical 
vapor decomposition of methane inside the pores, which was catalyzed by the nickel nano-
domains distributed uniformly over the pore channels. The porous ceramic was prepared by the 
in-situ pore-forming approach [156], which created a hierarchical pore-size system involving two 
pore dimensions in the resultant porous ceramic membrane (Fig. 7-2). The larger pore group 
allowed only oil particles smaller than 1 µm and the dissolved oil to enter the pore channels 
through the ceramic membrane while the smaller group increased the inherent flux and 
strengthened the mechanical properties of the ceramic membrane. This size-exclusion feature 
ensured that the primary functionality of the implemented CNT grids is to block the tiny emulsion 
particles. The continuous adsorption of oil with filtration resulted in formation of an oily (or 
lipophilic) layer on the CNT grids primarily and this lipo-layer subsequently facilitated seizure of 
oil particles. The synergy of the size exclusion and hydrophobic adsorption renders the membrane 
effective to purify substantially diluted and stable o/w emulsions.    
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7.2 Experimental 
7.2.1 Preparation of the CNTs-tailored ceramic membrane  
Porous disc of yttria-stabilized zirconia (YSZ) in cylindrical shape (d × t = 2.6 × 0.19 cm) 
was fabricated using the in-situ pore-forming technique as disclosed in Chapter 6. The YSZ disc 
has an approximate volume-based specific surface area of 22 m2/cm3 and a porosity of 36 %. The 
pore size distribution of the membrane is shown in Figure 7-2, where the majority of the pores lie 
in between 0.7 and 1.0 µm and are connected by a portion of throat pores (<50 nm). The ceramic 
membrane was submerged in a nickel nitrate ethanol solution (5.47 x 10-4 to 24.6 x 10-4 M) and 
sonicated for 15 min. The membrane was then removed and dried in an oven at 80 °C for another 
15 min, leaving behind uniformly distributed tiny nickel nitrate particles inside the pores of the 
YSZ membrane. This step was repeated thrice to ensure all the pores were loaded.  
The nickel nitrate loaded porous YSZ membrane was purged with H2 for 5 minutes in a 
quartz tube (internal diameter of 31 mm) at room temperature, which was followed by heating the 
tube to and held at 400 °C for 1 hour under a hydrogen stream (16 L/h) to allow for formation of 
Ni(0) nano-domains through in-situ reduction. The temperature was then raised to a designated 
temperature in the range from 400 to 800 °C by a heating rate of 15 °C/min without swapping the 
H2 atmosphere. Subsequently, the inlet was switched to a pure methane stream (8 L/h) and the 
methane undertook thermal cracking on the freshly generated Ni(0) domains, leading to in-situ 
growth of CNTs. After 1 h of reaction, the purging stream was switched back to H2 and the 
reactor was cooled down to room temperature. To specify the preparation history of a sample, the 
symbol YSZ-CNTs (× °C, × M) is used to denote the membrane in the following parts, where the 
first alphabet in the bracket represents the CNTs growing temperature and the second number the 
concentration of impregnation solution: Ni(NO3)2-g / ethanol-ml.  
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7.2.2 Microscopic and surface area examinations of the CNTs-tailored 
ceramic membranes 
 The cross-section images of the membranes were obtained from Field Emission Scanning 
Electron Microscope (FESEM, JEOL JSM-6700F, Tokyo, Japan). Prior to this, the samples were 
coated with a thin layer of platinum to prevent electron accumulation during observation.  
The morphology of the in-situ grown carbon nanotubes was examined under 
Transmission Electron Microscope (TEM, JEOL JEM-2100F, Tokyo, Japan). A small piece of 
CNT-ceramic membrane was grinded and the resultant fine powder was dispersed in ethanol. The 
mixture was then ultrasonicated for 10 min and left to stand for another 10 min. A drop of the top 
liquid layer containing the dispersed CNTs was transferred to a copper grid and followed by 
drying. The residue on the grid was then examined by TEM.  
The total surface area of the CNTs in the ceramic membranes was derived from the 
adsorption isotherm curve of N2, which was measured using Autosorb-1 (Quantachrome 
Instruments, Florida, US). Multipoint Brunauer, Emmett and Teller (BET) method was used for 
this purpose. Prior to all measurements, the samples were degassed at 300 °C for 3 hrs.  
7.2.3 Preparation and quantification of o/w emulsion  
The o/w emulsion was prepared as follows: 150 µl of blue ink (69% of mineral oil, Metal 
Ink, Lion, Japan) and 0.8 g of sodium dodecyl sulfate (SDS, Fluka, Switzerland) used as 
emulsifier were added to 500 ml Millipore water. A stable o/w emulsion containing ca. 210 ppm 
oil and 1600 ppm emulsifier was generated after consecutive mechanical mixing and 
ultrasonication for a day. The blue ink provides a visual inspection of the water quality of the 
filtrate during filtration. The particles’ size were determined by dynamic light scattering (90 Plus, 
Brookhaven Instruments Corporation, New York, US) and observed under microscope.  
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The concentration of o/w emulsion particles in water after filtration, namely filtrate, was 
determined by UV spectroscopy (UV-3600, Shimadzu, Singapore). Prior to the measurement, a 
calibration curve was plotted using a group of o/w emulsions prepared by diluting the above o/w 
emulsion with water in different proportions. By applying the Beer-Lambert law the absorbance 
of the diluted o/w emulsions is linearly proportional to their concentration. It may be noted that 
the UV spectroscopy measurement is based on the λmax of blue dye dissolved in oil droplets of 
emulsion. Hence this analytical method has its own limitation to detect the dissolved oil, i.e. 
microemulsified oil, as defined above. Thus to quantify the concentration of the dissolved oil, the 
analysis was carried out on an oil content analyzer (OCMA-300, Horiba, Singapore). 1 ml filtrate 
sample was mechanically mixed with 19 ml Millipore water and 10 ml of a specific solvent (S-
316, Horiba). The mixture was then settled for 200 sec to allow complete separation of 2 liquid 
layers after the extraction treatment. The bottom aqueous layer, which only contains the dissolved 
oil, was sent to the analyzer for measurement.  
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7.2.4 Permeation measurements and restoring performance of spent 
membrane 
 
Figure 7-3: Schematic of membrane filtration system. The feed of the reservoir contains 
surfactant stabilized oil-in-water emulsion with the majority of the particles’ size 
falling in the range of 210 nm and 300 nm determined by dynamic light scattering. 
The average particle’s diameter is 250.9 nm. (Inset) Emulsified oil particles in 
water observed under microscope with sizes ranging from 2 µm to 4 µm. However, 
these were not detected by the dynamic light scattering.  
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A filtration membrane test kit was designed (Fig. 7-3), which comprised of a gear pump, 
a valve, and a pressure gauge. The effective membrane area used for permeation measurements 
was 3.142 cm2 and the filtration was conducted at 25 °C. The trans-membrane pressure was kept 
at 1 atm. The reservoir contains the feed (o/w emulsion) as prepared in Section 7.2.3. The 
permeation flux (PF) was calculated by Equation (7-1) where the volume of permeate (V / cm3), 









       (7-1)
 














R             (7-2) 
where Cp represents concentration of a particular component and Cf is its feed concentration. It is 
worthy of note that the dissolved oil concentration was determined by the oil content analyzer and 
was not used for the calculation of the rejection. A dry run was conducted to assure that no CNT 
was unbound from pore channels under the shear stress of water, the selected permeated water 
samples were examined by TEM and no any single CNT was found.  
After being used in filtration for 3 days, the YSZ-CNTs (750 °C) membrane was 
regenerated by placing it in a reflux system which was operated at 130 °C for a day with toluene 
as the solvent for the oil. The regenerated membrane was then dried in oven at 50 °C. It was 
confirmed by electron microscopy that the CNTs were free of grease and ready for reuse.  
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7.3 Results and Discussion 
7.3.1 Growth of CNTs in YSZ membrane 
CNTs were grown in the pore-channels of YSZ through thermal cracking of methane on 
Ni(0) domains distributed whereby beforehand. It has been known that CNTs are normally grown 
on a flat planar support [189] and few studies have explored the growth of CNTs on a concave 
and/or rough surface. One of these attempts has grown CNTs in the straight pore channels of 
alumina substrate [190], which has a different pore structure from the porous YSZ substrate used 
in this work. The YSZ substrate is dominated by 3-dimensional interconnected submicron pore 
channels with a spread of nano percolation throats throughout these pore-channels as 
demonstrated in Figure 7-2. Hence, the challenge lies in whether an even distribution of Ni(0) 
domains could be achieved over the narrow and tortuous pores channels for the growth of CNTs. 
This problem was tackled by using ethanol as the solvent for nickel nitrate (the precursor for Ni(0) 
catalyst) instead of water primarily because ethanol offers a lower surface tension. In addition, 
ultrasonication was applied to enhance penetration of the solution into the pore channels as the 
ability of ultrasound waves to induce acoustic cavitation in the bulk of liquid facilitated the 
infiltration of fluid into those tiny pores [191].  
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Figure 7-4: The variation of Ni(0) particle loading inside the YSZ membrane with the increase in 
concentration of Ni(NO3)2 alcohol solution. A cross-section FESEM micrograph 
shows a uniform spread of Ni(0) domains through YSZ pore channels after H2 
reduction.   
 
Figure 7-4 displays the relation between the concentration of nickel nitrate in ethanol and 
the loading of Ni nano-particles in the YSZ eventually obtained. The loading of Ni(0) in YSZ 
increased with increasing concentration of nickel nitrate in ethanol and reached a plateau when 
the concentration was 0.3 g/ml and higher. This turning point was then taken as the upper-
boundary concentration for the preparation of catalyst. Using the aforementioned deposition 
strategy we attained the desired result according to FESEM observation, which shows a uniform 
distribution of Ni(0) domains with sizes ranging from 5 – 50 nm on the pore walls according to an 
arbitrary cross section of the membrane. 
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Figure 7-5: (a)The growth of CNTs in the Ni(0)-loaded YSZ membranes based on the use of 
Ni(NO3)2 ethanol solution (0.3 g /ml). The light blue (425 oC < T < 725 oC) region 
in the CNT wt% ~ T chart represents excessive growth of CNT, which leads to 
crumbling of membrane, while little or no CNT growth happens in the regions 
labeled by green (T < 400 oC or T > 725 oC). (b-d) FESEM micrographs of the 
cross-sections of YSZ membrane, in which the growth of CNTs was conducted at 
various temperatures as specified. 
 
Figure 7-5 displays the crucial effect of the temperature at which the thermal cracking of 
methane was conducted on the growth of CNTs in the Ni(0)-loaded YSZ membranes. Generally, 
a temperature higher than 700 °C causes a significant decrease in the amount of CNTs due to the 
deactivation of the nickel catalyst. An independent study has reported that the Ni(0) catalyst 
presents a maximum activity for carbonization of CH4 at about 650 °C [192]. Indeed, an 
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exorbitant growth of CNTs occurs at temperatures higher than 425 °C, which consequently 
causes the membrane to crumple due to the tension built up inside the pore channels. Hence, it 
was concluded that there exist suitable processing conditions with regards to the Ni(0) loading 
and the methane thermal cracking temperature for achieving a dense and uniform CNTs loading. 
The FESEM images taken from the cross sections of the three CNTs-YSZ membranes reveal 
randomly entangled CNTs grown in pore channels (Fig. 7-5). It was observed that the CNTs 
grown at 425 °C are much shorter despite being more concentrated and highly spread than those 
grown at 750 °C. It is clear that those CNTs grown at the higher temperatures formed sponge-like 
grids that are required for effectively capturing oil particles. The structural characteristic of 
sponge-like grid can be more clearly verified by examining a small grain taken from the 
membrane (750 °C) after it was crushed (Fig. 7-6). A nano-sized nickel particle was found at near 
the top end of a CNT, indicating that the growth of CNT is by tip mode [189]. In addition, the 
CNTs are multi-walled with parallel well-graphitized walls and are hydrophobic in nature. It is 
interesting to know the surface area provided by these CNTs. The BET analysis of the pristine 
YSZ showed a too low surface area that can be determined by using N2 as adsorbent. On this 
substrate, the CNTs grown at 425 °C (Fig. 7-5) increased the surface area to 4.0 m2/g, reflecting 
the contribution of the short and concentrated CNT “roots”, whereas the CNT grids grown at 
750 °C offered instead a bit lower surface area of 2.4 m2/g. This result describes the fact that 
CNTs possess dense surface. 
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Figure 7-6: TEM micrographs (a) Network of CNTs formed surrounding a ceramic particle, (b) 
A close-up view of a single strand of CNT.    
 
7.3.2 Removal of oil from o/w emulsions by the CNTs-tailored YSZ 
membrane  
 
Figure 7-7: The variations of rejection to oil of an o/w emulsion of a membrane with the time of 
separation: (♦) Porous YSZ ceramic membrane, (●) CNTs-YSZ (425 °C, 0.2M), (▲) 
CNTs-YSZ (425 °C, 0.2M), and () CNTs-YSZ (750 °C, 0.2M). (See section 7.2.1 for 
the sample ID) 
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Figure 7-8: The variations of permeation flux of a membrane with the time of separation: (♦) 
Porous YSZ ceramic membrane, (●) CNTs-YSZ (425 °C, 0.2M), (▲) CNTs-YSZ 
(425 °C, 0.3M), and () CNTs-YSZ (750 °C, 0.2M). 
 
As the key performance indexes of a separation membrane, the rejection and permeation 
flux of the four CNTs-YSZ membranes were assessed in Figures 7-7 and 7-8. It should be noted 
that the rejection in Figure 7-7 was obtained from the UV measurement. For the growth of CNTs 
at 750 °C, the use of 0.3M Ni(NO3)2/alc. as impregnation solution resulted in small defects along 
the edge of the ceramic due to abundance growth of CNTs. This preparation condition was 
therefore abandoned. According to these two figures, the implantation of CNTs grids in the pore 
channels clearly improved the rejection performance in comparison with the pristine YSZ 
membrane. The steep rejection rate profile exhibited by either the pristine YSZ membrane or the 
CNTs-YSZ (750 °C, 0.2M) membrane in the first 100 min separation duration indicates the 
development of a soft layer due to adsorption of emulsion particles onto the pore channels. In 
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particular, in the CNTs-YSZ (750 °C, 0.2M) membrane, the CNTs grids functioned like a “wave 
breaker” to increase the interfacial contact time of emulsion particles and hence facilitated the 
adsorption. As to the two CNTs-YSZ (425 °C) membranes studied, an instantaneous development 
of such a soft layer must have occurred immediately after the start of filtration due to the higher 
rejection rate than that happened in CNTs-YSZ (750 °C) in the very initial stage of separation. It 
can be attributed to the fact that these two membranes possessed higher surface coverage of short 
CNT wedges in their pore channels as supported by Figure 7-5. Thereby the densely spread CNT 
wedges grafted the emulsion particles swiftly. The rejection curves of the pristine YSZ and the 
CNTs-YSZ (425 °C, 0.3 M) membranes each exhibited a small concave shape after reaching their 
maximum values. This phenomenon is likely caused by the detachment of the adsorbed grease 
layer at a few locations under the action of shear flow. The curve of CNTs-YSZ (750 °C) 
membrane did not exhibit such random variation because of effective filtration by CNT grids. 
The separation reached a steady state after approximately 100 min, which suggests the 
establishment of equilibrium between the shear flow and emulsion adsorption. After that, the soft 
layer changed its role from principally trapping down emulsion particles to rejecting them when it 
became thicker because of the narrowing of flow passage. It may noteworthy that the rejection 
mentioned here is about those emulsion particles smaller than the rigid membrane pore sizes. This 
soft-reject-soft interaction between the grease layer surface and colloids is sustained by the 
osmotic pressure caused by the lower fugacity of water film sandwiched in between the surface 
and colloidal particles than the water surrounding it [193]. Indeed, both YSZ and CNTs-YSZ 
(750 °C, 0.2M) membranes displayed comparable permeation flux pattern after 100 min 
separation (Fig. 7-8), implying that the resistances to flow due to the no-slip layer effect in them 
were similar. However, the latter membrane manifested the highest level of oil rejection in 
contrast to the former membrane (Fig. 7-7). It is deemed that the CNTs grids gave rise to a far 
greater number of narrower channels in contrast to the pristine YSZ passages. It was each of these 
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numerous narrower channels with CNT grids that contributed to steric exclusion of the tiny 
emulsion particles due to the presence of fugacity gradient as aforementioned.           
 
Figure 7-9: Examination of the performance of the CNTs-YSZ (750 °C, 0.2M) membrane over a 
period of 3 days. (Inset) Filtrated water samples collected at various timing during 
the filtration process. 
 
Another corresponding observation in relation to the formation of an oily soft layer in the 
pore channels is the large decrease in permeation flux (Fig. 7-8). As expected, the pristine YSZ 
membrane showed the least decrease in flux among the four membranes because it displayed the 
lowest rejection rate profile due to limited spatial extension of the soft layer. In contrast to the 
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pristine YSZ membrane, both CNTs-YSZ (425 °C, 0.2 and 0.3 M) membranes gave substantially 
lower fluxes. This can be interpreted as the plugging of the pore channels by the oily soft 
materials originated from the densely spread short CNT wedges as addressed above. It is also 
worthy of note that despite a very low flux, the oil rejection rates of these two membranes were 
still well below 100 %, which represents the adsorption equilibrium on the lipo soft layer 
supported by short CNTs. Shifting our focus to the CNTs-YSZ (750 °C, 0.2M) membrane, the 
CNT grids were protruding and evenly distributed throughout the pore channels as shown in 
Figure 7-5. The extrusion of tiny droplets of oil was prevented because the grease layer was 
developed on CNT grids rather than in the narrow constricted area in the pore channel of the 
ceramic membrane. The stretching of CNT grids prevented the pore channels from being plugged 
by the lipo soft materials. More importantly, the adsorption equilibrium on the lipo soft layer 
deposited on CNT grids possesses insignificant desorption tendency. Finally, the performance 
durability of CNTs-YSZ (750 °C, 0.2M) membrane was examined over a three-day period 
(Fig. 7-9) and it was observed that the oil rejection and permeation flux profiles showed 
negligible difference from those presented in Figure 7-7.   
As indicated in Figure 7-2 the pore channels in the pristine YSZ membrane possessed 
two typical pore widths; therefore, size-exclusion was not the only separation mechanism. To a 
certain extent, the extrusion mechanisms prevailed in the separation process before steady state 
was reached. A portion of oil droplets in the o/w emulsion was softer and bigger than the pore 
widths available. Hence, the extrusion of emulsion particles, driven by trans-membrane pressure 
of 1 atm, took place particularly in the throat pores as defined above. The extrusion also promoted 
adsorption of oil concurrently because the shearing stress helps to remove the emulsifier from 
emulsion particles. The adsorption subsequently lead to a lipophilic soft layer comprising of oil 
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and surfactant molecules in pore channels, which in-turn acts as a natural filtration barrier for 
trapping big oil droplets initially and subsequently rejecting them [174].  
7.3.3 Enhancing size-exclusion separation selectivity by implementing CNT 
grids 
 
Figure 7-10: (a) A schematic illustration is incorporated to elucidate the mechanism of forming 
the grease layer on the surface of the membrane and the action of CNTs during the 
course of filtration. Microscopic examination on the CNTs-YSZ (750 °C, 0.2M) 
membrane after filtration was included. (b) FESEM images of the cross section of 
the membrane after filtration showing the oil-covered CNTs. (c) FESEM image of 
the cross section of the membrane after regeneration showing that the coated oil 
was removed.   
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Implantation of CNTs grids in the pore channels of YSZ membrane effectively 
augmented the capability of developing lipophilic grease layers in the pore channels through the 
halting of passage of the emulsion particles. Figure 7-10 displays the development of the grease 
layer on CNT grids starting from the feed side. On the basis of FESEM images, bridging among 
different lipophilic grease layers on CNTs resulted in a web in which the pores allow only pure 
water to slip through. Smaller droplets of oil were either captured by the grease web or blocked 
and then merged together. Hence, the size-exclusion mechanism can be attributed as the primary 
separation mechanism after the steady state was established. This explanation is supported by the 
nil presence of the emulsified oil content in the filtrate from CNTs-YSZ (750 °C, 0.2M) 
membrane.  
  As defined above, the dissolved oil, existing in the form of microemulsion, represents 
the smallest portion of o/w emulsion and is also the most difficult to separate. It has been 
described in the experimental section that this portion of oil was analyzed by the Horiba oil-
content analyzer and the results of the filtrate was shown in Figure 7-11. As underlined above, the 
larger emulsified oil droplets were analyzed by the UV spectroscopy method as presented in 
Figure 7-7, while the content of the dissolved (or microemulsified) oil in a filtrate was solely 
determined using the oil-content analyzer that has a detection limit to lower concentrations. 
Applying the latter detection approach, no dissolved oil was found in the filtrate through the 
CNTs-YSZ (750 °C, 0.2M) membrane in the initial 350 min (Fig. 7-11). There was however a 
few ppm of dissolved oil permeating the membrane after 350 min. This slight turning-on outcome 
could be attributed to adsorption/desorption equilibrium as afore-described, which would shift to 
desorption side when the piling of the grease-layer reached a certain thickness in the intricate 
fluid field. This desorption-caused leak involved only soluble oil and hence was not reflected in 
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the 100 % oil rejection determined by UV spectroscopy measurement as displayed in Figure 7-7, 
which had remained unchanged over the entire process of filtration of 3 days.  
 
 
Figure 7-11: Concentration of dissolved oil in the filtrate through various membranes: () 
pristine YSZ, () CNTs-YSZ (425 °C, 0.3M) membrane, () CNTs-YSZ (750 °C, 
0.2M) membrane. The first number in the bracket represents the temperature in 
which the CNTs were grown, while the second number represents the 
concentration of nickel nitrate solution in ethanol. 
 
On the contrary, both pristine and CNTs-YSZ (425 °C) membranes showed infiltration of 
microemulsion with a decreasing trend in the initial stage (Fig. 7-11). The former membrane 
required an apparently longer time to tight up the permeation of microemulsion than the latter 
membrane. This is the rational outcome since CNTs in the latter membrane assisted more 
effectively with capturing the microemulsion particles than just the blank pore channels in YSZ. 
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Similar to the above elucidation regarding the CNTs-YSZ (750 °C) membrane, while none of the 
dissolved oil was detected from the filtrate through CNTs-YSZ (425 °C) membrane, a certain 
amount of larger emulsion particles could still be found. This observation has been attributed, in 
the preceding discussion, to desorption and subsequently aggregation of oil molecules from the 
lipo-layer. The root cause was that the CNTs in this membrane were too short to effectively 
withhold the overlying lipo-layer during filtration; hence the observed 2-3 % of oil penetration 
throughout the whole filtration course existed.          
The recently reported membranes for treating dilute o/w emulsions are compared with the 
present membrane in Table 7-1. With reference to the inorganic membranes, the CNTs-YSZ 
(725 °C) membrane outperformed in terms of rejection performance and duration of operation. It 
is important to note that most of the membranes in literature were still unable to handle soluble 
oil due to the deformable nature and tiny phase sizes of this component, leading to rejection rate 
below 100 %. This highlights the role of CNTs in assisting the removal of the tiny oil droplets or 
dissolved oil. Moreover, the spent CNTs-YSZ (725 °C) membrane can be refreshed through 
solvothermal treatment in a reflux of toluene. The cleaned membrane showed grease-free CNTs 
grids (Fig. 7-10c). The rejection capability of the membrane is assumed due to the increase in 
surface roughness of the CNTs. This in effect will promote the ability to trap oil particles and 
fasten the formation of the lipo-layer, which is beneficial to removing the smaller oil particles in 
the water stream. This post treatment also demonstrates the advantage of the chemical resistance 
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Table 7-1: Comparison with literature data. (TMP = Trans-membrane pressure, CFV = Cross-flow Velocity, Cf = Oil Concentration of Feed, Cp = 
Oil Concentration of Feed, Rd = Oil rejection coefficient) 
 
 
Membrane  Feed Condition  Performance  Ref 
























YSZ with CNT 0.7 
(dominant 
pore) 
2 Pellet  Blue oil based 
ink with SDS as 
surfactant 











100 0.003 0.5  36 98.8 600  [176] 
α-Al2O3 0.5 - Tubular  Edible oil 500 1.68 1  63.9 98.1 70  [194] 
Mullite-
alumina 
0.3 5 Tubular  C8-C12 with 
Triton X-100 
1000 1.5 3  20.2 94 120  [174] 
Glass 0.27 2 Tubular  Mineral oil with 
Tween 85 
1 mL/L 0.13 0.68  1.2 x106 60-98 120  [195] 
ZrO2- α-Al2O3 0.2 - Tubular  p-xylene with 
fire fighting 
foam 






 From local 
factory 
170 0.009 4  5 99.7 120  [197] 
Cellulose 
membrane 
- - Flat sheet  Soybean oil 5000 - 4  1100  97.54 2400  [198] 
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7.4 Conclusions 
 A conceptual design of membrane through integration of nanotechnology and traditional 
ceramic membrane for purification of oil-in-water (o/w) emulsion has been attempted. Carbon 
nanotubes (CNTs) were grown in pore channels of an Y2O3-ZrO2 (YSZ) membrane by chemical 
vapor deposition, whereby a uniform distribution of nickel(0) nano-domains, serving as catalytic 
sites for the growth of CNTs, has been attained. A maximum loading of nickel catalyst particles 
was determined and two specific methane-cracking temperature ranges were obtained to implant 
CNTs in the pore channels of the YSZ membranes without any defect. Of the two identified 
temperature ranges for the growth of CNTs, only at temperature close to 750 °C could the 
protruding CNT grids be harvested. Filtration results showed that the presence of CNT grids 
greatly improves the removal of tiny emulsion particles from water in contrast to only YSZ pore 
channels alone. The YSZ membrane with CNT grids displayed 100 % rejection rate to emulsion 
particles and retained a permeation flux of 0.6 L.m-2.min-1 with a pressure drop of 1 atm over 3 
days of operation. This performance was sustained by the formation of lipophilic soft layers on 
CNT grids, which has been proven by microscopic securitization. The lipophilic soft layers 
function as a lipo-rejection barrier exhibiting both adsorption and steric repulsion mechanisms 
jointly. The later became prevailed after the separation reached the steady state where both 
rejection and flux underwent negligible changing. The separation test also found desorption of oil 
molecules from the lipo-layer when the layer became thick enough. It is noteworthy that the 
widths of ceramic pore channels are also critical to the roles CNTs. Finally, the spent membrane 
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Chapter 8 : Performance of Emulsified Oily Water Treatment by 
Carbon Nanotubes modified Ceramic Pore Channel 
 
Abstract 
Untreated oil in wastewater from industries which amounts to thousand millions of 
gallons yearly can be of value to water scarce regions. In this study, the potential of using a new 
hybrid membrane – carbon nanotubes (CNTs) implanted in the pore channels of a ceramic 
membrane, has been evaluated extensively for the removal of small oil emulsion and dissolved 
oil. Such membrane performed admirably under various strenuous conditions including different 
oil concentrations, type of surfactants, trans-membrane pressure (TMP) and feed temperature as 
compared to the pristine ones. The key performance indexes – permeate flux and rejection of the 
membrane for each case, were carefully analyzed to comprehend the science and fundamentals of 
the separation mechanism. In all, the CNTs implanted ceramic membrane is able to provide a 
rejection of 100 % and no presence of dissolve oil for oil concentration that is less than 300 μL/L 
at both TMP of 1 and 2 atm. 
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8.1 Introduction 
The industrialization of oil and natural gas in energy production has galvanized human 
civilization and modern economies. These production activities fuel the blooming of other 
manufacturing industries, which drastically change the facets of our world. Along with the 
positive impacts, comes the huge environmental impact. Water pollution, degradation of air 
quality and raising global temperatures are some of the many problems that threaten the 
livelihood of humans [199, 200]. In particular, oil and its emulsion is one of the contaminant of 
wastewater commonly associated with industries such as petroleum refining, metallurgical and 
food processing industries [201]. Produced water, a term used in petroleum and oil refining to 
describe water produced along with oil and gas and one of the largest source of oily water, must 
be treated to meet pre-disposal regulatory limits or the operator could face regulatory actions.  
Membrane filtration is highly regarded as a potential technology to treat these smaller oil 
droplets due to the tunable nature of the membranes’ pore size and has been extensively 
researched in the area of water purification [200, 202]. Advantages such as lower energy 
consumption, smaller footprint and ease of handling make it highly attractive compared to 
traditional means [203]. Membrane can broadly be classified into two classes – organic and 
inorganic. In the field of organic membranes, a large amount of research on microfiltration and 
ultrafiltration has been reported. However, the performance in terms of rejection rate and flux for 
such membrane drops considerably due to fouling – a process where the deposition of solutes 
onto the membrane surface block the functionality of the pores. Researchers attempt to tackle this 
problem by introducing hydrophilic surfaces through the usage of additives like 
polyvinylpyrrolidone and polyethylene glycol during the casting of polysulfone membranes 
[170]. However, long term stability and fouling remains an issue for this class of membrane. 
Inorganic membranes, notably ceramic membranes, are chemically and thermally inert and are 
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able to withstand vigorous conditions, often encountered in industry [18, 121]. Coupled with 
good mechanical properties, these membranes are touted to be the future in membrane technology 
and have shown tremendous potential in produced water purification [204]. The downsides of this 
class of membrane are the higher production cost and complexity in fabrication.  
Broadly speaking, a desired membrane should consist of well-defined pore size (for 
exclusion of solute molecules), high permeate flux (for industrial realization), good anti-fouling 
properties and long shelf life. Unfortunately, membranes with smaller pore sizes are needed in 
removing the smaller oil emulsion and this will result in low permeate flux and high operating 
pressure; thereby increase the cost of purifying the oily water. In addition, the deformable nature 
of oil droplet has been overlooked in many membrane studies. Under high operating pressure, the 
oil droplet will be able to squeeze through the pore size and fouling cake that appear on the feed 
side. To worsen the problem, dissolved oils are not being targeted during the treatment process. 
Hence, new strategies are needed to tackle this issue.  
Adsorption has been widely considered as an effective means in water purification as a 
search in the literature throws up many potential materials, both polymeric and inorganic 
developed as adsorbents; in particular, nanosized carbonaceous material [181, 205-207]. 
Although nano-materials have been shown to exhibit high removal ability for pollutants found in 
water, there are huge disadvantages associated with them: (1) almost all these tests were 
performed in a batch condition [207]. The complexity of incorporating these into the current 
setup for industrial and the high operation cost will deter them from applying these technologies; 
(2) the enormous energy and time input for separation and recovery of adsorbents after the 
adsorption process by either filtration or high-speed centrifugation is not going to improve the 
situation either. Therefore, it is will be beneficial and attractive to have the best of both 
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technologies – membrane and adsorbent, incorporated into a single device. This brings us to the 
theme of our solution – to assemble nanostructured adsorbents into macroscopic structure.     
In Chapter 7, we have studied a new hybrid membrane in the area of oil-water 
purification – carbon nanotube (CNT) nets have been implanted inside the pore channel of a 
porous ceramic membrane with bimodal pore sizes (between 0.5 and 1 µm and < 50 nm). There 
are several advantages of our membrane design: (1) the use of macro-meso porous ceramic 
membrane provides size exclusion for the solute (oil) molecules. Only oil emulsions smaller than 
50 nm and dissolved oil are allowed to enter the pore channels. This minimizes fouling inside the 
pore channels, which if not eliminated will ultimately plug the pores and render the membrane 
useless. (2) CNT nets absorb these smaller oil emulsions and dissolved oil through hydrophobic-
hydrophobic interaction. The high surface areas of the CNTs offer adequate adsorption sites to 
effectively remove the oil particles. CNTs, a new fascinating member of the carbon family, have 
excited the research world due to their unique morphologies and untapped potential in many 
applications [188]. Their strong adsorbing ability has prompted researchers to use them to capture 
harmful components in water purification [181, 182, 207, 208]. (3) The throat-like nature of the 
pore channel provided by the ceramic offers unique flow dynamics, which enhance the interaction 
of the solute with the CNT grid. (4) The CNTs were anchored to the ceramic, hence limiting its 
possible environmental and biological risk.  
This chapter explores the capability of the hybrid membranes to handle different 
operating conditions such as operating pressure, emulsified oil concentration (both oil and 
surfactants), nature of surfactant (anionic against non-ionic), feed temperature and finally, 
membrane porosity. This allows us to fully comprehend and verify the purposed mechanism in 
the previous study.            
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8.2 Experimental  
8.2.1 Fabrication of porous ceramic membrane 
 Porous pellet of yttria-stabilized zirconia (YSZ) with bimodal pore size distribution was 
fabricated using in-situ pore-forming technique disclosed in Chapter 6. In this study, two different 
pore-former loading, i.e. monomers were used to produce ceramic with 2 different pore size 
distribution and porosity: 5/100 and 10/100 weight ratio of the monomers with respect to ceramic 
particle loading, which will be referred to as 5 wt% and 10 wt% respectively. The mean pore 
radius and pore size distribution of the sintered discs were measured by mercury porosimetry 
(Micrometrics AutoPore III, Norcross, GA). The porosities of the pellets were measured by using 
Archimedes method. It is noted that the pellets used in Section 8.3.1 to 8.3.4 were fabricated 
using a monomer loading of 5 wt%. The effect of the nature of ceramic membrane was discussed 
in section 3.5, where the ceramic membranes were created using two different monomer loading 
– 5 wt% and 10 wt%. The microstructures of the sintered YSZ discs were examined on a field-
emission scanning electron microscope (FESEM, JEOL JSM-6700F, Tokyo, Japan). 
8.2.2 Carbon nano-tube growth in pore channels of ceramic 
A solution for implanting the nickel (II) nitrate particles into the pore channels of the 
ceramic membrane support was prepared by dissolving nickel nitrate in ethanol. Ethanol was 
selected due to its low surface energy with YSZ, which allows uniform distribution of the nickel 
nitrate in the pore channels. Based on previous study (Chapter 7), a concentration of 0.2 g of 
Ni(NO3)2 per ml of ethanol was used for the membrane fabricated using a monomer loading of 
5 wt%. For the ceramic membrane created using 10 wt% monomer loading, various concentration 
of the solution was prepared to achieve the maximum catalyst loading. The pristine ceramic 
membrane was then placed in the prepared solution and sonicated for 15 min before drying in a 
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vacuum oven with a temperature setting of 80 °C for 15 min. The use of ethanol as the solvent is 
suitable for this application due to its low surface energy with ceramic surface and hence, allows 
better distribution of the particles on the pore walls. This process was repeated two times to 
ensure that Ni(NO3)2 particles were deposited on the pore walls. The membrane was placed in a 
quartz tube inside a furnace and purged with hydrogen, a reducing gas, for 5 min at a flow rate of 
16 L/min. The furnace was thereafter heated till 400 °C with a heating rate of 15 °C/min and the 
temperature was held for 1 hr. Under this reduction atmosphere, nickel nitrate was reduced to 
nickel particles, which would serve as a catalyst for CNT growth. The temperature was increased 
to 750 °C and held for 1 hr and the flowing gas was changed to methane with a rate of 8 L/min. 
During this period, CNTs were grown due to the cracking of methane. Finally, the gas was 
changed to argon with a flow rate of 16 L/min and temperature was allowed to cool to room 
temperature.  
8.2.3 Oily water filtration test 
The setup for the filtration test was similar to the ones used previously (Chapter 7, 
Section 7.2.4). The membrane was placed in the holder of the setup and sealed with an aluminum 
sticker, which provides an effective surface of 2.011 cm2. The filtration will run for 3000 min 
with a flow rate of the feed maintained at 0.1 L/min. The trans-membrane pressure (TMP) 
investigated was 1 atm and 2 atm.   
The oily water was prepared with the following ingredients: 1.6 g of surfactant, sodium 
dodecyl sulfate (SDS), was dissolved into 1 L of Millipore water and allowed to sonicate and 
mechanically stirred till the SDS dissolves. 3 oil concentrations were studied (100, 300 and 
600 µl of oil soluble blue dye per liter of Millipore water) was added into the solution and left to 
stir on the mechanical stirrer. A lower concentration of surfactant (0.8 g of surfactant) was also 
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used. In addition, to investigate the effect of surfactant type, non-ionic surfactant span-80 was 
used. The concentrations used were molar equivalent to that of the SDS at 2.4 mL/L and 
1.2 mL/L. The shear viscosity values of the feed were measured using viscometer at a rotating 
speed of 200 rpm (Brookfield DV-II+Pro Viscometer, Brookfield Engineering Labs Inc., 
Stoughton, MA, US). The particles’ size were determined by dynamic light scattering (DLS, 90 
Plus, Brookhaven Instruments Corporation, New York, US) and observed under microscope. 
During filtration, continuous mechanical agitation is needed to ensure the stability of the 
emulsion. The conditions prepared are summarized in the Table 8-1 while Table 8-2 summaries 
the particle sizes and the viscosity of the feed prepared for investigation. 
The permeation flux (PF), the oil content in the permeates and the rejection (R) were 
measured using the same procedure and formulation described in Chapter 7, Section 7.2.4. The 
legends used in the graphs follow the format of “type of membrane (amount of oil in µL/L, type 
and amount of surfactant, temperature in °C, pressure in atm)”. The membrane type is represented 
by PM for pristine membrane and CM for CNT membrane. During the comparison of membrane 
with different porosity, the type of membrane is represented in a different format. For pristine 
membrane, the legend is represented by PM followed by the weight ratio of monomers used in 
membrane fabrication.  For CNT membrane, it is represented by CM followed by the weight ratio 
of monomers used in membrane fabrication then by the amount of Ni(NO3)2 used for CNT 
loading in g/mL. The amount of surfactant added is indicated by either “H” for 1.6 g/L of SDS (or 
the equimolar volume of Span-80) or “L” for 0.8 g/L of SDS (or the equimolar volume of Span-
80).  
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8.3 Results and Discussion 
8.3.1 Oil concentration 
 
Figure 8-1: FESEM micrographs of pristine membrane after filtration (a) cross-sectional 
view (b) membrane surface view (c) Schematic of the formation of gel layer 
during the filtration process.  
 
In this section, 3 different feed concentrations of oil, namely, 100 µL/L, 300 µL/L and 
600 µL/L, were used to investigate the performance of the membrane under each condition. For 
the lowest feed concentration, there’s a significant higher amount of surfactant compared to oil 
particle, which effectively signals that all the oil primarily exist as emulsified form with a low 
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percentage of dissolved oil and insignificant amount of free oil. The presence of higher amount of 
“free” surfactants resulted in the attachment of these surfactants to the ceramic membrane surface 
and pore walls. The hydrophilic heads of the surfactants would incline to attach itself to the 
zirconia walls in the pores due to the slight hydrophilic nature of zirconia. The hydrophobic tail 
ends would hence be exposed and facilitate the capture of oil particles, contributing to the 
superior rejection rate even without CNT implantation. The attachment of these surfactants to the 
ceramic is assumed to happen instantaneously as the rejection rate almost immediately hit 100% 
for the feed of 100 µL/L oil concentration. However, the downside of this phenomenon is the 
formation of the gel on the feed side, which occurs just as quickly due to the action of the 
attached surfactants. Figure 8-1a-b shows the gel layer after filtration. Furthermore, those oil 
emulsions that entered the pores blocked the pores especially in areas where the stream have to 
flow through narrow pore channels. In addition, the emulsion can be assumed to be stabilized due 
to the use of excess SDS; hence, the stabilized emulsion can also be adsorbed on the zirconia 
surface of the pore channels and effectively causing blockage to the pores. The end result was a 
huge drastic drop in flux from 1.12 L.m-2.min-1 to 0.03 L.m-2.min-1 within the time frame of 
400 min (Fig. 8-2a).  
Increasing the concentration of oil to 300 µL/L resulted in formation of larger oil 
particles as verified by DLS where the effective diameter increases from 461.57 μm to 
586.07 μm. In addition, the decrease in “free” surfactants implies that the formation of the gel on 
the pristine membrane side exposed to the feed steam is difficult and requires a longer duration to 
reach steady state (Fig. 8-2a shows that the flux took close to 1930 min to become steady at 
around 0.446 L.m-2.min-1). The larger oil emulsions are less likely to enter the pore channels to 
block the pathway. Hence, the higher flux observed is expected under this feed condition. 
Furthermore, shear stress arises as a result of the interaction between pore walls and the oil 
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emulsion. The effect of shear stress on the larger oil emulsion, which is less stable, results in the 
release of more oil, which were not efficiently captured by the gel layer and thus, the poor 
performance of the rejection rate of 91.4 %, observed. .    
 
Figure 8-2: Membrane performance for various feed concentration of oil while keeping the 
concentration of surfactant constant: (a) Permeation flux for pristine membrane 
(b) Rejection for pristine membrane (c) Permeation flux for CNT membrane (d) 
Rejection for CNT membrane 
 
The further increase in oil concentration to 600 µL/L resulted in larger oil emulsion and 
oil agglomerate with an effective diameter of 629.18 μm, which resulted in the formation of the 
gel layer within a shorter period of time. This is chiefly responsible for the low permeation flux of 
0.027 L.m-2.min-1 (Fig. 8-2a). Moreover, the fluctuation of the rejection rate illustrates the 
dynamical nature of the gel layer, while the downward rejection trend and low flux highlight the 
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inability of the pristine membrane in handling the large feed concentration of emulsified oil 
particles (Fig. 8-2b).  The dynamical nature is a result of the built-up gel layer, which gradually 
increase in thickness as oil emulsion continued to deposit during the course of filtration. 
However, the membrane cross flow design of the filtration setup meant that flowing feed just 
above the gel layer continuously exert a shear force on gel layer, breaking up some section of the 
layer when it gets too thick. Hence, the fluctuating rejection rate observed.       
Implantation of carbon nanotubes (CNTs) into the membrane does indeed resulted in an 
improvement in rejection of oil emulsion across the range of feed concentration investigated. For 
feed concentration of 100 µL/L oil (Fig. 8-2d), similar rejection rates were observed for pristine 
and CNT-ceramic membranes but a higher flux was observed for the CNT-ceramic membrane 
(Fig. 8-2c, 0.038 L.m-2.min-1 against 0.017 L.m-2.min-1). This suggests that CNT-ceramic 
membrane offers lesser resistance than the pristine membrane, which can be attributed to the 
formation of a thinner gel layer on the membrane surface during filtration. The presence of 
hydrophobic CNTs, especially on the surface of the membrane, decreases the extent of gel layer 
formation as the attachment of surfactant is difficult due to the increase of chemical potential 
(Fig. 8-2c).  
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Figure 8-3: FESEM micrographs of the CNT after filtration  
 
For the feed of 300 µL/L oil concentration, the CNTs were able to improve the rejection 
rate drastically. This implies another crucial property of the CNTs, which is to provide 
hydrophobic sites for the adsorption of oil particles. Presence of CNT also limits the adsorption of 
emulsion on the pore walls, thus ensuring continuous flow of fluid through the membrane. Once 
the CNT are fully covered with the adsorbed oil, multilayer adsorption occurs on the CNT. 
Figure 8-3 shows the image of the CNT after filtration, where the multilayer adsorption can be 
observed on the CNT grids. This adsorption phenomenon was reported in our previous study and 
also reported and discussed by other researchers [183, 209, 210]. This adsorption occurrence was 
also evident in the experiment where the feed concentration was 600 µL/L. The rejection range 
improved to 96.8-98.4 %, up from the range of 88.3-94.2 % achieved by the pure ceramic 
membrane. The inability to achieve 100 % rejection rate indicates that the maximum capacity of 
the membrane has been achieved. One interesting observation is the fluctuation of the rejection 
rate at the highest concentration of oil studied, 600 µL/L, which is primarily due to the dynamic 
nature of the gel layer.  
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8.3.2 Operating pressure 
  
Figure 8-4: Membrane performance for TMP of 2 atm with various feed concentration: (a) 
Permeation flux for pristine membrane (b) Rejection for pristine membrane (c) 
Permeation flux for CNT membrane (d) Rejection for CNT membrane.  
 
Operation at higher pressure is one of the easier method to increase process productivity 
and hence the interest to investigate the effect of operating pressure on membrane performance. 
The increase in pressure did not affect the rejection performance for the feed with oil 
concentration of 100 µL/L for the pristine membrane (Fig. 8-4b). However, the greater driving 
force is evident from the increase in membrane flux from 0.017 L.m-2.min-1 to 0.200 L.m-2.min-1 
(Fig. 8-4a). As for the feed concentration of 300 µL/L, the increase in pressure improved the 
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rejection rate but surprisingly, recorded a lower flux. The higher pressure leads to a much more 
compact gel layer on the membrane surface, providing resistance against water flow. This is also 
evident in the feed concentration of 600 µL/L, where the flux of the membrane drop to very low. 
The rejection rate for both of these feed concentrations improves slightly due the presence of a 
more compact layer which function as a filter to remove more oil emulsion particles.  The 
dynamic nature of the gel layer is once again apparent as observed by the fluctuation of the 
rejection rates for these two feed concentration (Fig. 8-4b).  
Shifting our focus to the CNT-membrane, the membrane register a higher flux while 
maintaining the rejection rate at 100 % for the feed with oil concentration of 100 µL/L. Due to the 
lesser amount of oil particles in the feed and the cross-flow filtration system, there is a limitation 
on the thickness of the gel layer. Hence, the increase in pressure for this feed concentration is 
translated to the higher permeation flux observed from 0.038 L.m-2.min-1 to 0.437 L.m-2.min-1 
(Fig. 8-4c) as more fluid can pass through this layer and through the membrane. However, the 
CNT-membrane tested at the feed concentration of 300 µL/L performed worse at higher TMP 
than the lower one both in permeation flux and rejection rate (Fig. 8-4c-d). The former can again 
be attributed to the generation of the gel layer by the stable emulsion while the latter is due to the 
increase in shear stress between the emulsified oil and the CNT network. Higher pressure also 
translates to faster fluid velocity in the pore channels, which decreases the contact time between 
the CNT network and the oil particles. Furthermore, the increase causes the increase in shear 
stress, which causes some loosely bonded oil to be released from the CNT. Hence, the overall 
drop in rejection performance. 
For the feed with 600 µL/L of oil, flux increased instead. The increase in pressure could 
have resulted in a stronger shear stress exerted by the crossflow which has a greater impact on the 
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thick gel layer formed on the CNT. The dynamic nature of the gel layer results in higher flux with 
an increase in pressure as the gel layer gets worn away by the crossflow. 100 % rejection was 
expected for 600 µL/L as a direct consequence of the gel layer which filters out the bigger oil 
emulsion. It is expected that this layer was the most compact gel layer due to the high emulsified 
oil content and the high TMP. Despite the dynamic nature of the gel layer, it is thick and compact 
enough to prevent the CNT network within the membrane from experiencing the full impact of 
the higher pressure. As a result, shear force experienced by the CNT was lower, preventing the 
removal of oil droplets easily. The much longer duration for the rejection to reach 100 % for the 
600 µL/L feed hints the difficulty in sustaining the gel layer in a higher energy system.  
8.3.3 Concentration of surfactant 
  
Figure 8-5: Two concentrations were obtained based on the UV absorbance results  
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In colloidal and surface chemistry, the critical micelle concentration (CMC) occurs when 
all the surfactants are used to form micelles. In our system, we decided to investigate a similar 
phenomenon on the membrane performance; the minimum concentration required to form a 
stable emulsion. Two concentrations were tested; one at CMC while the other is at a 
concentration higher than CMC. Concentration below CMC is not important in this study as the 
extra amount of oil will form an immiscible solution with water, which can be easily removed by 
skimming. Figure 8-5 shows how the two concentrations were obtained based on the UV 
absorbance results. Beyond the concentration of 0.8 g/L of SDS, absorbance remains relatively 
steady at a constant value hence this point was determined to be the minimum concentration 
needed to form stable emulsion with 300 μL/L of oil. In the case of 100 μL/L of oil, the same 
concentration of SDS was used as a comparison.   
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Figure 8-6: Membrane performance for concentration of SDS at 0.8 g/L with various oil 
concentrations: (a) Permeation flux for pristine membrane (b) Rejection for 
pristine membrane (c) Permeation flux for CNT membrane (d) Rejection for CNT 
membrane.  
 
 Before examining the results, we will establish the fundamental difference between the 
structures of the emulsion. The feed with a lower SDS concentration (0.8 g/L) has lesser 
surfactants surrounding the oil particles than that of a higher concentration. This effectively 
means that the oil emulsion is less stable as it is easier for the surfactant to be detached from the 
oil droplet under shear stress.  From Figure 8-6, it was observed that the decrease in surfactant 
concentration resulted in both decrease in flux and in rejection for both membranes type. This is 
expected as the shear stress experienced by the flowing fluid during its encounter with the CNTs 
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and pore walls breaks up the oil emulsions when they make their way through the membrane, 
causing the exposed oil to accumulate at the top layer and also inside the pore channels. In 
addition, the size of the emulsified oil droplet increased with lower concentration of SDS and this 
increase the gel layer thickness. This is supported by DLS results which shown an increase in 
particle diameter of 586.07 μm to 625.82 μm with the decrease in surfactant concentration. This 
two-fold reasoning resulted in an increase in overall flow resistance, thereby contributing to the 
decrease in flux. The inability of rejection to attain steady state again signifies the dynamic nature 
of the oil layer due to the increase in fouling tendency and the effect of shear stress on a less 
stable emulsion. 
At the lower concentration of oil, the amount of surfactant present is higher than that 
required for a stable oil emulsion (Fig. 8-5). As a result, the permeate flux was observed to be 
higher at a lower surfactant concentration due to fewer surfactants providing points of contact 
during gel layer formation for pristine membrane. In addition, DLS results have shown that oil 
emulsion size had increased from 461.57 μm to 491.86 μm with a reduction of surfactant 
concentration. This signified that less oil droplet will be able to enter the membrane pores. For the 
CNT membrane, the thickness of oil layer accumulated on CNT network within the membrane 
will be thinner and reduction in pore size of the membrane will be correspondingly lower 
accounting for the higher flux. On the other hand, rejection deteriorated for both type of 
membrane due to the effect of shear stress on a less stable emulsion.  
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8.3.4 Type of surfactant 
 
Figure 8-7: Membrane performance with various span-80 concentrations: (a) Permeation flux 
for pristine membrane (b) Rejection for pristine membrane (c) Permeation flux for 
CNT membrane (d) Rejection for CNT membrane.  
 
To investigate the versatility of the membrane system, a different surfactant – Span-80 
was used. Span-80 (or polysorbate 80) is a non-ionic surfactant and emulsifier which are often 
used in pharmaceuticals and food preparation whereas SDS is an anionic surfactant. Figure 8-7 
shows the performance of the membrane when equimolar amount of Span-80 was used. The use 
of Span-80 drastically changed the fluid behavior of the oil emulsion. When the surfactant was 
changed from SDS to Span-80, viscosity increased from 1.5 cP to 1.75 cP for a feed 
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concentration of 300 μL/L oil with 1.6 g/L SDS and equimolar Span-80 (2.4 mL/L) respectively. 
The increase in viscosity of the emulsion is due to the extended chain length of Span-80 whereby 
the structure of Span-80 resembles like a hook while SDS is a linear molecular structure. This 
increases the contact area and enhances the stability of the emulsion. As a result, effective 
diameter of the oil emulsion decreased to 227.6 μm from 586.07 μm when the feed was changed 
from 1.6 g/L SDS to equimolar Span-80 at 300 μL/L of oil. The smaller oil emulsion allows for 
faster clogging of the membrane pores and hence decreasing the effective pore size of the 
membrane. In addition, the improved stability of the emulsion makes it harder to remove the layer 
of oil under shear flow. These explain the reason for the insignificant flow of fluid through the 
membrane for the pristine ceramic (Fig. 8-7a). However, the presence of the CNT in the 
membrane provides a barrier for the formation of gel layer, which effectively allows the smaller 
oil emulsion to flow through as observed by the relatively higher flux (Fig. 8-7c). The 100 % 
rejection for both Span-80 feed conditions once again highlights the importance of CNT as an 




Performance of CNTs-ceramic membrane 
194 | P a g e  
 
8.3.5 Operating temperature 
 
Figure 8-8: Membrane performance for different temperature with various surfactant type: (a) 
Permeation flux for pristine membrane (b) Rejection for pristine membrane (c) 
Permeation flux for CNT membrane (d) Rejection for CNT membrane. 
 
In this study, two operating temperature was investigated – 25 °C (ambient temperature) 
and 45 °C. The high temperature was chosen as most of the countries regulate the release of 
treated water into water bodies such as sea and lake to be below 50 °C. The stability of the 
emulsion is a function of temperature where it decreases with temperature. Thermodynamically, 
the molecules vibrate at higher frequency at higher temperature and hence experience greater 
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difficulty in maintaining intermolecular bonding such as hydrogen bonding and Van der Waals 
attraction. This affects the hydrophilic-lipophilic balance and thus, the resultant decrease in 
stability which is observed in the decrease in viscosity. This is apparent for the Span-80 – oil 
emulsion where viscosity decreases from 1.75 cP to 1.5 cP with an increase in temperature to 
45 °C.  
Generally, the increase in temperature resulted in a decrease in permeate flux for both 
surfactant types. The rationale behind this trend is the decrease in stability of the emulsion means 
that the surfactant is easily removed by the shear stress induced by the cross flow velocity at the 
membrane surface. This in turn increased the thickness of the gel layer and thus, the drop in 
permeate flux. The inability of the pristine membrane to filter out oil emulsion at higher 
temperature highlights the current problem associated with membrane for oily water treatment 
(Fig. 8-8).  However, for the CNT-membrane, the membrane still retains the ability to remove oil 
emulsion at higher operating temperature for the two emulsions.  
The decrease in stability is more prominent for SDS: The dissociation of water is an 
endothermic equilibrium reaction. By Le Chatelier's Principle, an increase in temperature will 
favor the forward reaction; thereby result in a decrease in pKw and an increase in the 
concentration of both hydrogen and hydroxide ions. As SDS is an anionic surfactant, the increase 
in H+ concentration results in a decrease in surface charge and thus, causing greater instability. 
Coupled with the increase in solubility of oil in water as temperature increases, the greater 
amount of dissolved oil made it harder for the CNT network to fully capture all dissolved oil. 
Thus the presence of dissolved oil detected at this feed condition and not at the feed condition 
with Span-80 surfactant.  
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8.3.6 Membrane porosity 
In previous sections, the porous ceramic membrane created by the in-situ polymerization 
technique comprises of 5/100 weight ratio of monomers to YSZ particles (5 wt%), which resulted 
in a porosity of 36 %. To improve the performance of the membrane i.e. achieving a higher flux 
while ensuring the same rejection rate, one can look to either decrease the thickness of the 
ceramic membrane or increase the porosity of the existing membrane. When the thickness was 
decreased to 1 mm from the current 2 mm, the membrane was unable to withstand a trans-
membrane pressure of 1 atm, therefore making it unsuitable for industrial application. Hence, the 
latter solution was adopted where the weight ratio of monomers to YSZ particles was increased to 
10/100 (10 wt%), which effectively result in a porosity of 47 %.  
 
Figure 8-9: Pore size distribution of ceramic pellets (5wt% vs 10wt% of monomer loading) 
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The pore size distributions of the ceramic support are illustrated in Figure 8-9. Two 
obvious trends were observed: (1) there is a down shift in the prominent pore size from 0.7 µm to 
0.49 µm when the loading of the monomer increased. Furthermore, there is an increase in 
cumulated pore volume for pore size between 0.1 µm to 1 µm from 0.0928 ml/g for 5 wt% to 
0.1019 ml/g for 10 wt%. (2) There is a decrease in cumulated pore volume for throat pore (which 
is less than 0.1 µm) as the monomer loading increased; 0.0939 µm for 5 wt% to 0.0499 µm for 10 
wt%. With accordance to the study carried out, this is expected as the increase in monomer 
loading results in bigger flakes during the solid state in-situ polymerization. The tendency to form 
bigger polymer flakes results in the reduction in amount of throat pore for 10 wt%. The generated 
polymer will thus have bigger space occupancy than the small counterparts in the 5 wt% green 
body. Moreover, the inter-particle space will be smaller, which is reflected by the decrease in 
prominent pore size.  
 
Figure 8-10: Effect of Ni(NO3)2 concentration on Ni loading 
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Using a membrane with different porosity and pore structure changes the amount of 
nickel (II) nitrate required as the surface area of the pore channels is different. Hence, the 
experiment concerning the amount of nickel deposited with different concentration of nickel 
nitrate solution is conducted again as seen in previous study. From Figure 8-10, it was observed 
that the weight change hit a maxima at the Ni(NO3)2 concentration of 0.8 g/mL, followed by a 
slight decrease in weight change for the 10 wt% ceramic membrane. This is due to agglomeration 
tendency of the Ni(NO3)2 where beyond a threshold limit, the particles will tend to stick together. 
During repeated sonication, some of the bigger particles will be washed off and hence the 
decrease in percentage weight change of nickel after reduction. Such trend was also observed for 
the 5 wt% monomer membrane. Consequently, to avoid this threshold, the concentration of 
0.8 g/mL was chosen to form a membrane with higher CNT loading (CNT-0.8 loading 
membrane) which will then be compared with a membrane with lower CNT loading formed a 
using a concentration of 0.2 g/mL (CNT-0.2 loading membrane). 
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Figure 8-11: Membrane performance for 10wt% membrane: (a) Permeation flux for pristine 
membrane (b) Rejection for pristine membrane (c) Permeation flux for CNT 
membrane (d) Rejection for CNT membrane. 
 
The result for 10 wt% was consistent with that for 5 wt% membranes. CNT membrane 
has a higher rejection and permeation flux than pure ceramic membrane as observed in Figure 8-
11 despite the decrease in pore size due to the presence of CNTs. This was due to the fast effect 
of fouling which results in gel formation on the pristine membrane surface and the presence of the 
CNT network which adsorb oil and delay gel layer formation for CNT membrane. 
The higher permeation flux for 10 wt% CNT-0.2 loading membrane was observed 
relative to 5 wt% CNT-0.2 loading membrane. This suggests that the more open structure of the 
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10 wt% CNT membranes with lesser throat pores offered a lower resistance. However, the oil 
removal capability was decreased slightly to a rejection of 0.991, which was due to the lesser 
amount of throat pores found in the ceramic pore channels. This effectively signals the decrease 
in contact time between the emulsified oil and the CNTs network. However, the 5 wt% CNT 
membrane was unable to support a higher loading without creating defects, thus promoting the 
viability of the 10 wt% CNT membrane. Ideally, increasing the CNT loading will improve 
membrane performance. However, Figure 8-11c showed a lower permeation flux for CNT-0.8 
loading membrane as the higher density of CNTs might have resulted in pore blockage as 
illustrated in Figure 8-12. Due to the trans-membrane pressure exerted on the membrane, oil 
could be easily detached from these blocked pores hence accounting for the unstable rejection 
(Fig. 8-11d) and the presence of dissolved oil. As a result, 5 wt% CNT-0.2 loading membranes 
have a better performance with lower flux but at a higher rejection.  
 
 
Figure 8-12:  Schematic of pore blockage at higher CNT loading 
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 Figure 8-13: Membrane performance for 10wt% membrane at 2 atm: (a) Permeation flux for 
pristine membrane (b) Rejection for pristine membrane (c) Permeation flux for 
CNT membrane (d) Rejection for CNT membrane. 
 
Similarly, an increase in pressure to 2 atm for the 10 wt% membrane resulted in a drop of 
flux for all three types of membrane as a result of a more compact gel layer (Fig. 8-13). However, 
rejection decreased with increase in pressure for the pristine membrane and the CNT-0.2 loading 
membranes. This is probably due to the nature of the ceramic support; the open structure of the 
membrane with a smaller volume of throat pores. A larger pore does not allow for sufficient 
contact between the CNT and the oil particles to effective remove the oil present in the flow. The 
result is more obvious at higher pressure due to the energy imparted to the flow. In all, the ratio of 
throat-like pores in the porous ceramic is crucial in attaining good separation for small emulsified 
and dissolved oil.   
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8.4 Conclusions 
CNT membrane – the combination of adsorption and membrane technology, has shown 
its capability in fouling rejection through the presence of hydrophobic CNTs on the membrane 
surface. The problem of dissolved oil and the deformable nature of oil have been solved through 
the implantation of CNTs within the membrane pores, which served to capture them. The CNT 
membrane showed a remarkable improvement in its oil rejection capability relative to membranes 
without CNTs at all feed conditions. This is with the exception of the results obtained from oil 
concentration of 100 µL/L, which is low enough for the gel layer on the membrane surface to 
completely remove it. However, higher flux was obtained using CNT membrane. As the pressure 
increases, rejection was observed to increase due to the presence of a more compact gel layer 
which on the whole decreases the permeate flux with the exception of  100 µL/L due to its low 
concentration. A decrease in SDS surfactant concentration reduces the stability of the emulsion. It 
not only increases the time required to obtain steady state but it also decrease the oil rejection 
capability of both types of membrane. A change of surfactant to the more stable span-80 
decreases the oil emulsion size which thereby affects the flux and rejection of the pristine 
membrane adversely and lengthens the time required to reach steady state. However, CNT-
ceramic membranes were able to obtain 100 % rejection for all span-80, even at high temperature, 
displaying its capability to remove oil. The increase in temperature decreases the stability of the 
emulsion but has a greater effect on the feed involving SDS. An increase in porosity of the 
membrane support, as a result of higher monomer loading, allows a higher loading of CNT which 
promises to increase rejection without compromising on the permeate flux. However, the smaller 
throat pore ratio results in less contact opportunities between the oil and CNT which results in the 
inability to achieve 100 % rejection.  
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Chapter 9 : Aliphatic Chain Grafted Polypyrrole as a precursor of 




polymers are generally considered as 
unsuitable precursor for the synthesis 
of carbon membrane because defects 
always emerge in the carbon matrixes 
generated from the pyrolysis of these polymers. However, the conjugated chain structure of this 
type of polymers permits a high conversion of carbon to graphenes. We found that grafting of 
dodecylbenzene sulfonic acid (DBSA) chains to the conjugated backbone of polypyrrole (PPy) 
can effectively halt mudcracks from developing in the carbon matrix. The DBSA side chains 
impede strong association of the conjugated PPy molecular segments since the root cause of 
mudcracks is the stacking of PPy segments. A uniform and microcrack-free carbon membrane (3-
5 µm thick) was achieved on a porous ceramic substrate by means of solution casting and 
carbonizing the cast PPy-DBSA layer. It was verified that the solvent used to formulate the PPy-
DBSA solution and the final calcination temperature have significant impact on the porous 
structure of carbon membrane. Besides transmission electron microscopy examination, gas 
permeation test also unveils the porous features of the carbon membrane. The prevalent transport 
phenomenon was Knudsen diffusion, signifying that the carbon matrix is characterized by the 
meso-porous structure.  
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9.1 Introduction 
In view of the growing global demand for greener energy and pursuit of higher energy 
efficient processes, extensive research studies have been dedicated to developing new membrane 
technologies with potentials to reduce cost and complexity in process operation and control. 
Particularly, carbon membranes have emerged as a promising class of material for the separation 
of gas molecules with comparable kinetic sizes [3, 87]. These carbon matrixes contain a 
distribution of short-range ordered micro/ultra-micro pores that allow for molecular sieving. 
Furthermore, carbon membranes possess excellent chemical and thermal stability and are 
therefore competent to tolerate hostile environments. In stark contrast to the carbon membranes, 
polymeric membranes are limited by the trade-off trend between gas permeability and selectivity 
and often suffer from performance degradation upon operating at high temperatures. In addition 
to gas separation, the carbon membranes also demonstrate potentials in other areas, such as 
structural analysis of biological specimens [211], electrode for proton exchange membrane fuel 
cells [212, 213], treatment of chromium contaminated water [214] and most recently, trans-
electrode [215].  
            Carbon membranes are usually fabricated through heat treatment of polymeric 
membranes. The treatment process generally comprises of three stages: (1) random structural 
cross linking, whereby condensation and elimination of functional groups occur; (2) 
aromatization, whereby polycyclic aromatic hydrocarbons (PAH) are formed; (3) carbonization, 
whereby the growth of PAHs reaches a maxima and partial graphitization occurs simultaneously. 
While the structure of a carbon membrane attained is strongly influenced by many factors, the 
first and foremost effect lies in the type of polymeric precursor used [87]. Polyimide remains a 
popular choice among several types of candidate polymers. This is because high thermal stability 
of polyimide (Tdecom = 300 – 500 °C) prevents significant mass elimination in the first two stages 
Chapter 9 
Polypyrrole as a precursor of carbon membrane 
205 | P a g e  
 
of heat treatment and hence, largely relieves the mechanical stress in the final stage of carbon 
membrane formation [4, 12, 13]. Moreover, the carbon membranes eventually obtained from 
polyimide show promising functionality in both permeability and permselectivity tests [4, 12, 13, 
216, 217]. On the other hand, cheaper alternatives such as polyacrylonitrile [218], phenolic resin 
[15, 78], and polyfurfuryl alcohol [14]  have been used to prepare carbon membranes and the 
resulting carbon membrane structures have been extensively studied.  
Amid possible types of polymer that are pertinent for making carbon membranes, the 
possibility of using conducting polymers as a precursor becomes attractive to us due to the fact 
that their main chains are composed of sp2 carbons that can be readily transformed to PAH 
structure upon pyrolysis. Beside this, the relatively low cost and ease of polymerization 
associated with conducting polymers are of importance to industrial applications. Nevertheless, 
carbon membrane has not been fabricated from conducting polymers because of their insoluble 
and infusible properties. This is the result of the conjugated chain structures that maximize the 
inter-chain cohesive associations. The strong interaction will result in formation of carbon 
granules after pyrolysis, making it impossible to form a continuous carbon matrix. Hence, 
overcoming this drawback to allow for realization of a continuous membrane is the first step 
towards the synthesis of a carbon membrane from a conducting polymer.  
In this work, we demonstrate the possibility of obtaining a dense and continuous carbon 
membrane derived from PPy, a typical conducting polymer. In order to achieve this, anchoring 
DBSA as side-chain groups to PPy backbone is crucial since it drastically reduces the extension 
of co-planar conjugated chain structure, and in turn, prevents the formation of granular matrix. 
The PPy-DBSA is synthesized using an approach similar to those reported previously [219, 220]. 
This work further examines the crucial factors affecting the formation of a structurally uniform 
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carbon membrane, which include preparation of substrate surface, solvent selection for 
developing a homogeneous PPy-DBSA film, implementation of multiple coating-pyrolyzing 
cycles, and heat-treatment stipulations. Although a uniform carbon membrane could be 
accomplished on a porous ceramic substrate after completing this process under the optimal 
conditions, it still contained sparsely distributed submicron pits and pin holes throughout the 
membrane. To fill up these defects, we made use of the free-radical polymerization of pyrrole by 
using benzoyl peroxide (BPO) as initiator [221], which produced a random copolymer of 3-
pyrroline and pyrrole. Unlike instant oxidative polymerization of PPy, this polymerization could 
be arranged to take place inside the pores (or defects) and the more flexible chain structure, in 
contrast to the rigid PPy chains, ensures effective defect-removing. A mixture of meso and micro 
pores was generated throughout the carbon membranes as determined from the gas permeation 
characteristic of the membranes. However, Knudsen diffusion predominates over molecular 
sieving as the main transport phenomenon of in the synthesized carbon membrane. This porous 
feature reflects the combining effects from the PPy-DBSA precursor and the processing 
conditions used.    
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9.2 Experimental  
9.2.1 Synthesis of the grafted polypyrrole (PPy-DBSA) 
Dodecylbenzene sulfonic acid sodium salt (DBSA-Na, Aldrich, USA) (24.15 g, 75 mmol) 
was dissolved in 400 ml deionized water and the resultant solution was passed through a column 
packed of an acidic ion exchange resin (AmberjetTM 1200(H) ion-exchange resin, Aldrich, USA) 
to convert DBSA-Na into its acid form. Pyrrole (Py, 99 %, Acros, USA, 7.545 g, 113 mmol) was 
dispersed in 50 ml deionized water and then combined with the DBSA solution. The solution was 
further stirred for 30 min to complete the complexing between Py and DBSA molecules while 
maintaining the reaction temperature at 5 °C. After that, a solution of ammonium peroxodisulfate 
(APS, Merck, Germany, 5.134 g, 22 mmol), an oxidative initiator, in 50 ml water was added 
dropwise into the Py-DBSA solution, and the mixture was stirred at 5 °C for 36 hrs to complete 
the polymerization of Py. In this polymerization system, the molar ratios of Py-to-DBSA and Py-
to-initiator are 1.15 and 5, respectively. A large excess of methanol was introduced into the above 
polymerization system to terminate the reaction. The synthesized PPy-DBSA powder was cleaned 
through washing in water and methanol repeatedly for several times, which was followed by 
centrifugation and vacuum drying at 70 °C for 12 hrs. Ungrafted polypyrrole was synthesized 
using the same procedure with the exclusion of DBSA dopant.     
 
9.2.2 Fabrication of carbon membrane 
PPy-DBSA powder (0.25 g) was added in 5 ml N-methyl-2-pyrrolidone (NMP) and 
followed by stirring for 12 hrs to achieve a homogeneous solution. To avoid any possible 
undissolved PPy-DBSA tiny particles presence in the solution, the solution was ultra-sonificated 
for 15 min and filtered by a polytetrafluoroethylene membrane (Titan 2 High-performance liquid 
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chromatography Filter, Titian, USA). A porous yttria-stabilized zirconia (YSZ) pellet of diameter 
2.6 cm and an average pore size of 1 μm prepared by a procedure described in Chapter 7 was 
used as the substrate to develop a PPy-DBSA film. The casting was performed by spin coating: a 
lower spin rate of 200 rpm was first used to spread the solution over the substrate, and then the 
spin rate was increased to 1500 rpm to produce a very thin liquid film and eventually obtaining a 
PPy-DBSA membrane after drying. Another layer of the polymer was subsequently developed on 
top of the first layer by using the same procedure. Afterward, the polymeric membrane was 
gradually (1 °C/min) heated up to 500 °C under flowing argon (6 ml/s) and held under the same 
conditions for 2 hrs to complete carbonization. The heating rate of 1 °C/min was used as PPy-
DBSA would experience a steep elimination in this step. Such a conservative heating rate indeed 
incurred no large defects when volatile compounds were released. A continuous and submicron-
thick carbon prime layer was obtained despite containing a number of pits in micron size. This 
step overlays a smooth and much less porous carbon film on the highly porous ceramic substrate.  
Using the prime carbon layer as base, the second layer of carbon membrane was prepared 
in order to reduce both the number and size of existing defects. To develop a polymer layer in this 
stage, m-cresol instead of NMP was used to prepare PPy-DBSA solution using the same 
procedure as discussed above. A liquid layer of this solution was developed by adding 0.1-
0.15 ml of the polymer solution to the surface of the prior-formed carbon membrane and evenly 
spreading the solution over the surface. The extra amount of solution was then allowed to drip 
off. The resulting liquid layer was dried at 50 °C for 90 min, 70 °C for 60 min and finally 140 °C 
for 30 min under argon purge. Finally, the polymer layer formed was subjected to carbonizing 
under argon (6 ml/s) through a 3-ramp heating course: 30–140 °C at 1 °C/min, 140–250 °C at 
0.7 °C/min and 250–500 °C at 0.5 °C/min. This second coating stage gave rise to a thicker carbon 
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membrane (4~5 µm) with smaller pore sizes (0.1~0.2 µm) on average compared with the prime 
carbon membrane.    
 To close up the residual tiny pinholes scattered over the membrane, a method comprising 
of filling pores with a monomer formula and polymerizing the entrapped Py in-situ was invented. 
In this procedure, BPO was employed as the initiator. An initiator solution (0.1 g BPO / ml 
chloroform) was prepared and dripped on the carbon membrane obtained from the 2nd stage. A 
time span of ca. 25 sec was allowed for the absorption of initiator solution by pin holes, and then 
the solution left was removed by spinning at 200 rpm for 5 sec and 1500 rpm for 30 sec. Any 
possible residue of BPO remaining on the surface was rubbed away by Accuwipe to assure that 
BPO be trapped inside the pores only. It was followed by dripping Py on top of the membrane 
and letting it stay for 3 min to allow diffusion and in-situ polymerization. After that, the excess of 
Py was removed from the treated surface by a high spin rate. In the end of this stage, the polymer 
generated inside pores of the carbon membrane was converted to carbon by heating (1 °C/min) 
the specimen to a temperature in the range of 500 to 800 °C and letting it dwell at this 
temperature for 1 hr under argon purge.    
9.2.3 Characterization results  
The glass transition behaviors of the polymers, both in grafted and ungrafted form, were 
studied by using differential scanning calorimetry (DSC, Modulated DSC 2920, TA instrument, 
US). The first scan to 110 °C was designed to remove different thermal histories from the 
samples, and the subsequent scan was carried out from 0 to 400 °C using a heating rate 
of 5 °C/min. 
X-ray photoelectron spectroscopy (XPS) was employed to examine the amount of 
grafting for PPy-DBSA. The test was performed on a spectrometer (Kratos Axis His System, 
Chapter 9 
Polypyrrole as a precursor of carbon membrane 
210 | P a g e  
 
Kratos Analytical Ltd, England) with X-ray source (1486.6 eV photons). The X-ray power supply 
was run at 15 kV (anode voltage) and 10 mA (anode current). The PPy-DBSA samples in powder 
form were mounted on the standard sample holder using a double-side adhesive tape. All core-
level spectra were referred to the C1s neutral carbon peak at 284.6 eV and curve-fitted by using 
Gaussian component peaks. 
The microstructures of carbon membranes were examined on a field-emission scanning 
electron microscope (FESEM, JEOL, JSM-6700F, Japan). The asymmetric membrane, i.e. a thin 
carbon layer formed on top of an YSZ pellet, was cut orthogonal to the carbon layer by using a 
diamond saw to produce a cross section. A platinum thin coat was deposited on the examined 
surface prior to imaging. In addition, the carbon membrane structure was analyzed under 
transmission electron microscope (TEM, JEOL 2000FXII, Japan). A small piece of carbon 
membrane was carefully peeled off from the YSZ substrate by a surgical knife and placed in 
ethanol. After vigorous dispersing in a bath sonicator for 20 min, the suspension was allowed to 
stand for another 15 min to ensure that the settling of heavier carbon flakes. The suspension near 
the top, containing very thin and tiny carbon flakes, was collected on a TEM copper grid by 
dripping and drying. The image obtained allows observation of the graphene layers and the c-
spacing between each layer, which was figured out by an average of 5 readings to minimize the 
Moiré effects.   
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Figure 9-1: Schematic representation of gas permeation setup. 
 
The pore size and transport characteristics of the synthesized carbon membranes were 
studied by using the permeability and the ideal selectivity of a highly pure gas – H2, CO2, O2, N2 
and CH4, where their kinetic diameters are 2.89 Å, 3.3 Å, 3.46 Å, 3.64 Å and 3.8 Å respectively. 
The gas permeability through the membranes was measured using a constant volume and variable 
pressure apparatus (Fig. 9-1). The feed side pressure was kept at around 90 to 95 psi, while the 
permeate side pressure was highly vacuumed prior to the measurement. The fabricated 
asymmetric carbon membrane was placed inside a stainless steel module setup and its periphery 
was sealed with aluminum stickers. The gas permeability, P (in Barrer, 1 Barrer = 1 x 10-10 cm3 
(STP)⋅cm⋅cm-2 s-1 ⋅ cmHg-1) was determined from the rate of pressure increase (dp/dt) obtained 
when permeation reached a steady state.  





�       (9-1) 
where 𝑑𝑝
𝑑𝑡
 (cmHg⋅s-1) is the rate of the pressure rise under the steady-state; V (cm3) is the 
downstream volume; L (cm) is the membrane thickness; ∆p (cmHg) is the pressure difference 
between the two sides; T (K) is the measurement temperature; A (cm2) is the effective area of the 
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membrane; and po and To are the standard pressure and temperature respectively. The ideal 
separation factor of a membrane for gas A and gas B is evaluated as follows: 
𝛼𝐴 𝐵⁄ = 𝑃𝐴𝑃𝐵      (9-2) 
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9.3 Results and Discussion 
9.3.1 Cause of defect occurrence in carbon membrane: the π-stacking of 
conjugated chains   
 
Figure 9-2: Schematic of in-situ polymerization of pyrrole on a ceramic disc prior pyrolysis. 
Pyrrole was dripped on to the surface of ceramic substrate coated with initiator 
while the substrate was subjected to spinning. (Inset) Severe mudcracks of the 
carbon membrane generated after pyrolysis in argon at 700 °C.     
 
It had been known that the solution casting method is inappropriate for the fabrication of 
a PPy film because of insolubility of PPy in organic solvents. Thus, our initial attempt started 
with polymerizing Py on the surface of a ceramic substrate, where the initiator of polymerization 
APS was deposited on the surface of substrate prior to polymerization. When Py came in contact 
with the loaded APS, a PPy film was in-situ produced within a few min, which comprised of tiny 
PPy granules. The carbon membrane resulted from pyrolyzing the PPy membrane presented a 
severe mudcrack structure (Fig. 9-2). The root cause of this outcome lied in the π-staking of 
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conjugated PPy chains, which gave rise to formation of PPy granules. Their random packing 
constituted the PPy film and when the PPy film was subjected to pyrolysis, these grains became 
individual carbonization cores, resulting in inevitable tensile stress in the matrix formed. Hence, it 
is crucial to prevent the π-staking in order to obtain a defect-free carbon layer.  
9.3.2 Grafting of linear segment to polypyrrole 
Grafting linear DBSA molecular segments to PPy backbone serves the purpose of 
distancing the PPy chains. It enables PPy chains to maintain a more expanded molecular 
conformation and hence, effectively mounts interfaces between PPy and solvent [222]. The 
increase in the solvation of PPy improves the processibility of PPy and allows for fabrication of a 
dense membrane through solution casting. The branched chain structure of PPy-DBSA can be 
identified through its chain motions with increasing temperature, which is unique in contrast to 
that of PPy (Fig. 9-3a). The PPy sample exhibits two broad endothermic transitions occurring at 
131 °C and 222 °C. The first dip is attributed to the typical segment motions of neutral PPy 
segments [223] whereas the higher temperature transition describes segment motions of a slightly 
degraded PPy, which will be justified by its TGA profile. Likewise, PPy-DBSA displays these 
two endothermic transitions, albeit both at higher temperatures due to hindrance of the DBSA 
side chains. It is important to note that the first glass transition involves a larger amount of 
specific heat than the corresponding glass transition of the undoped counterpart. This 
phenomenon can also find correlation from the DSC profile of DBSA-Na, in which a feeble 
fusion transition is present at the temperature very close to that of the first endothermic transition 
of PPy-DBSA. Therefore, it can be deduced that DBSA molecules grafted to PPy segments 
undertake local alignments. In addition, the first glass transition of PPy-DBSA engages a greater 
amount of energy than the sum of the first Tg of PPy and the fusion transition of DBSA-Na by 
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comparing the area of the DSC signal. Henceforth, the casted PPy-DBSA membrane has a matrix 
comprising of both rigid PPy segments and the orderly packed DBSA chains (Fig. 9-3b).  
 
Figure 9-3: (a) DSC curves of DBSA grafted polypyrrole, undoped  polypyrrole and DBSA-Na. 
Alumina pans; heating rate of 10 °C/min, (b) Schematic representation of DBSA 
grafted polypyrrole comprising both rigid polypyrrole segments and soft space filled 
with aligned DBSA chains.  
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Figure 9-4: XPS spectrum of N1s for grafted PPy-DBSA. 
 
The grafting extent of DBSA to PPy can be determined from the oxidation states of 
nitrogen of PPy on the basis of XPS spectroscopy. A powder sample of the synthesized PPy-
DBSA was used for analysis. The XPS N1s spectrum can be deconvoluted into three peaks: the 
peak with binding energy (BE) of 399.7 eV corresponds to the neutral pyrrole (>NH) type groups 
[224] while the other two peaks with BE of 401.7 and 402.7 eV correspond to the charged pyrrole 
unit (−NH+−) and the oxidized pyrrole unit (−N+=) [225], respectively (Fig. 9-4). These two 
charged pyrrole units represent where grafting takes place and hence the level of grafting is 
evaluated by dividing the area under these peaks over the total area of the spectrum. The 
calculated grafting extent of PPy used in this study is approximately 0.30 by molar ratio.  
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9.3.3 Fabrication of carbon membrane on a porous ceramic substrate  
To obtain a carbon membrane on a macro-porous YSZ substrate, the prime carbon layer 
is crucial since it must possess both adequate adhesion strength to the ceramic substrate and a flat 
and smooth surface to prevent transferring defects of ceramic substrate to the overlying carbon 
membrane film. Thus, the PPy-DBSA prime coat has to be carefully designed such that the prime 
carbon layer strikes a balance between cohesive and adhesive forces. It is found that the solvent 
used to prepare PPy-DBSA solution affects this trade-off. Although a good solvent favors the 
formation of a denser polymer coating matrix, this will lead to poor adhesion of the carbon to the 
support due to predominant cohesive contraction upon pyrolyzing to above 600 °C. NMP was 
identified as an apt solvent for attaining the trade-off as aforementioned. In addition, as PPy-
DBSA does not engage a large extent of solvation in NMP, the polymer solution has a viscosity 
suitable for spin coating.  
 
Figure 9-5: FESEM micrograph of the carbon layer coating (a) Prime carbon layer pyrolyzed at 
500 °C, in which the insert is the cross-sectional image; (b) the surface morphology 
of the carbon layer derived from the 2nd coating pyrolyzed at 500 °C, in which the 
insert is the cross-sectional image. 
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Figure 9-6: (a) TGA thermogram DBSA, ungrafted polypyrrole and DBSA-grafted PPy. Alumina 
pans; heating rate of 10 °C/min in nitrogen. (b) FTIR spectrum of PPy-DBSA and 
its pyrolyzed carbon at different temperatures. Sample names use in the graph 
corresponds to the maximum temperature; for example Ppy-DBSA_500 was 
pyrolyzed at 500 °C.   
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Although the thermal stability of polypyrrole has been well documented in many studies 
[226, 227], our infrared-red spectroscopy characterization of the carbonized prime layer, 
generated from pyrolyzing the prime coat at 500 °C, proves that it still preserve organic 
functional groups (Fig. 9-6). These pendant functional groups facilitated the subsequent laying of 
a PPy-DBSA topcoat over the carbon layer generated. Furthermore, the resulting carbon layer of 
0.37 µm thick indeed shows a flat surface morphology that also contains many micro defects 
(Fig. 9-5a). It is clear now that the solvent used to develop PPy-DBSA prime coat no longer suits 
the topcoat that serves as the precursor of the main matrix of carbon membrane. This is because 
NMP is not a strong solvent of PPy-DBSA and hence restricts expansion of PPy-DBSA polymer 
chains. The resulting polymer matrix could not be transformed to a dense carbon matrix on the 
substrate.    
 The topcoat was developed by using m-cresol as solvent. m-cresol is known as a strong 
solvent of PPy-DBSA [222], which can be observed from the viscosity of the resulting solution 
that is apparently greater than the solution using NMP as solvent because PPy-DBSA chains 
expand largely in m-cresol than in NMP. After a liquid layer of the PPy-DBSA/m-cresol solution 
was laid out on the prime carbon layer, it was subjected to a 3-stage drying manipulation at 
temperature well below the normal boiling point of m-cresol (202 °C). As a result, there was still 
a certain percent (ca. 10% by weight) of m-cresol remaining in the PPy-DBSA matrix after 
drying. This is important to avoid generation of wavy defects on the polymeric membrane. The 
DSC investigation shows that the polymer chains undergo an extensive stretching at 145 °C when 
lubricated by the m-cresol in the matrix of PPy-DBSA membrane. This chain motion took place 
in the course of heating the membrane to pyrolysis temperature and significantly reduced defects 
in the carbon membrane generated even though a finite number of pinholes were still present 
(Fig. 9-5b). The root cause of the formation of these pinholes is considered to come from an 
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alternating density distribution in the carbon membrane due to the carbonization of both PPy 
segments and DBSA carbon chains. Nevertheless, a carbon membrane of about 4 to 5 µm, which 
has a dense matrix in micron scale, is therefore realized (Fig. 9-5b).  
9.3.4 Achieving meso-porous carbon membrane: sealing of pinholes  
The remaining issue to address is on how to close up the sparsely distributed tiny 
potholes over the second carbon layer so as to achieve a carbon membrane containing primarily 
mesopores. Depositing another layer of carbon is not desirable [71] since this will increase the 
thickness and also weaken the adhesion strength of carbon membrane. Instead, a controlled in-
situ polymerization method was invented to seal up the pores. Figure 9-7 provides an illustration 
of this procedure: benzoic peroxide was brought into these pore channels first with the help of 
chloroform that has a very strong wettability with carbon. After that, a liquid layer of Py on top of 
it impregnated the BPO-embedded carbon layer. Py molecules diffused quickly into the pore 
channels where they were polymerized by BPO. The polymer formed was known as a random 
copolymer of 3-pyrroline and pyrrole [19] and thereby differs from the normal PPy formed by 
oxidative initiation, namely its chains are less conjugated and hence better extended, allowing the 
pore channels to be plugged effectively. After this, the plugged carbon layer was subjected to 
heating at 500 °C; a dense carbon matrix was accomplished with a slight degree of structural 
expansion (Fig. 9-8a). This observation suggests that the above PPy plugging might take place 
not only in micron pores but also in even smaller pores. Further increase of calcination 
temperature to 600 °C causes the carbon membrane to shrink to 3.8 µm (Fig. 9-8b). This is 
because the growth of PAHs to graphene flakes accompanies the removal of a small percentage 
of mass. This in-situ polymerization effectively repaired the defects, allowing the formation of a 
dense asymmetric carbon membrane after pyrolysis (Fig. 9-8c).  
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Figure 9-7: Schematic illustration of the controlled in-situ polymerization technique using BPO. 
A solution consisting of BPO initiator in chloroform was dripped on to the surface 
of the carbon membrane, allowing the infiltration of this solution into the nano-sized 
pore channels. With the evaporation of chloroform, the BPO particles will be 
embedded inside these pore channels, triggering the polymerization of pyrrole.     
 
 
Figure 9-8: FESEM micrograph of 3rd layer of carbon membrane (a) cross-section CM-500, (b) 
cross-section at CM-600 (c) surface morphology at CM-600. 
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Figure 9-9: TEM micrograph of carbon membrane (a) CM-500 with average lattice spacing of 
0.1716 nm, (b) CM-700 with average lattice spacing of 0.2205 nm.  
 
Calcination of the above carbon membrane at 700 °C results in an even denser carbon 
matrix, which can be verified by comparing the carbon matrix formed at 500 °C with that at 
700 °C. Inspecting the two TEM images (Fig. 9-9), the CM-500 matrix contains small crystallite 
domains in which parallel and short graphene layers are assembled and hence defects exist 
between different domains. The discontinuity of parallel graphene layers is the origin of defects 
and responsible to the low carbon matrix density.  On the contrary, the CM-700 matrix consists of 
larger crystallite domains. This difference can be recognized from TEM images. Regarding 
distance between neighboring graphene layers, different spacing of 0.172 nm and 0.221 nm are 
found in CM-500 and in CM-700 respectively. This increase is regarded as the structural change 
of carbon to graphite-like structure, accompanying elimination of various crosslinking bridges 
between graphene layers. When the membrane was treated at 800 °C, although a graphite-like 
matrix with a larger spacing can be realized, the membrane always peeled off because the 
graphitization yields compressive stress on the ceramic substrate. The stress then undermines the 
adhesion between the carbon membrane and the ceramic substrate. This phenomenon was also 
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reported in other studies [71]. Hence, pyrolysis temperature needs to be limited to below 700 °C 
to ensure the asymmetrical carbon membrane on the ceramic substrate.  
Gas permeability of the carbon membrane derived from PPy-DBSA can gauge the porous 
structure of this carbon matrix from the perspective of the kinetic diameters of molecules. 
Figure 9-9 shows the permeances of the five gases against their respective kinetic diameters while 
Table 9-1 tabulates the gas permeation of the PPy-DBSA-derived carbon membrane. An obvious 
trend is that the permeance of the gas decreases as the calcination temperature increases. This 
detrimental effect on the permenace is a result of a reduction in interstitial voids amid stacks of 
graphenes with the increase in graphitization. In addition, from the plot of the permeance of the 
gas against the inverse square root of the gas molecules (Fig. 9-10), it can be concluded that 
Knudsen diffusion dominates the transfer of the gas molecules in the CM-500 membrane, i.e. gas 
molecules migrate mainly through interconnecting interstitial voids. Hence, it is the pore-wall 
adsorption rather than the pore-size exclusion that affects permselectivity. The first row of 
Table 9-2 displays an intermolecular force driven selectivity, for instance, αCO2/CH4 = 0.73 due to 
the fact that the critical temperature of CO2 is higher than that of CH4 despite the former having a 
small kinetic diameter. Although Knudsen diffusion remains the dominant way of gas 
transportation, traces of molecular sieving mechanism is still evident in the PPy-DBSA derived 
carbon membrane based on the permselectivity values of N2/O2 given by CM-500 and CM-700 
membranes. On the basis of the above discussion, the desired carbon membrane for the separation 
of O2 from N2 or CO2 from CH4 should contain slightly wider (~5Å) interlayer spacing as the 




Polypyrrole as a precursor of carbon membrane 
224 | P a g e  
 
Table 9-1: Gas permeation of carbon membranes from polypyrrole (Measured at room 
temperature). 
 Gas permeation (barrer a) 
Sample b H2 CO2 O2 N2 CH4 
CM-500 51.2 15.5 20.3 17.1 21.3 
CM-600 18.6 7.9 7.1 8.7 9.6 
CM-700 8.7 4.3 5.2 4.4 5.7 
a: 1 barrer = 10-10 cm3 (STP) cm/(cm2 s cmHg) = 3.35 x 10-16 mol m / (m2 s Pa) 
b: The value of the permeability of the carbon membrane was calculated using the following 
membrane’s thickness: 5.0 µm for CM-500, 3.8 µm for CM-600 and 3.0 µm for CM-700.  
 
Table 9-2: Permeation selectivity of carbon membranes obtained from different pyrolysis 
temperature. 
 Permeation Selectivity 
Samples H2/CO2 H2/CH4 H2/N2 CO2/CH4 O2/N2 
CM-500 3.30 2.40 2.99 0.73 1.19 
CM-600 2.35 1.94 2.14 0.82 0.82 
CM-700 2.02 1.53 1.98 0.75 1.18 
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Figure 9-10: Permeance of carbon membrane versus kinetic gas diameter. 
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9.4 Conclusions 
 A novel structure of carbon membrane has been attained through the use of conducting 
polymer, PPy, as the precursor. In this preparation, the key drawback of using the conjugated 
polymer is the presence of overwhelming mudcracks in the resultant carbon membrane. This 
quandary was overcome by grafting DBSA molecular chain to the rigid segments of PPy. A 
continuous PPy-DBSA matrix rather than a packing of tiny PPy nodules was therefore realized by 
coating. Hence, the severe domainization upon pyrolyzing the packing of PPy nodules can be 
prevented. A three-stage membrane development procedure was devised to produce an 
asymmetric carbon membrane on a porous zirconia pellet. To pursue a well-developed carbon 
matrix with a narrow range of pores (< 5 Å) suitable for the precise gas separation, a high 
calcination temperature was attempted. However, the present synthesis system only permits no 
higher than 700 °C since the densification of carbon matrix weakens the adhesion of the 
membrane to the ceramic support, resulting in peeling of the carbon membrane. Based on the gas 
permeation analysis, the carbon matrix achieved from the calcination at 700 °C contains pore 
sizes in the range from micro to meso scales. However, Knudsen diffusion dominates over the 
molecular sieve mechanism through the carbon membrane, signifying a high percentage of meso-
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Chapter 10 : Carbon Nanotubes as Structural Pillars and Micro-
porosity Injectors for enhancing Carbon Membrane 
Performance   
 
Abstract 
Thermal stress within the carbon domains during the pyrolysis of conducting polymer 
when the temperature reaches 700 °C and above, results in the separation of these domains as 
attempted in previous chapter. This consequently leads to the formation of micro/meso porosity, 
which provides a freeway for the gas molecules and the expected drop in selectivity and hence, 
the absence of molecular recognition in gas transport phenomenon. The exploration of high 
pyrolysis temperature on membrane’s performance with conducting polymer is the focus of this 
study. We proposed to embed structural pillars in the carbon matrix, an idea inspired by those 
foundation pillars used in the structural engineering in buildings. Carbon nano-tube (CNT) is an 
excellent candidate due to the following reasons: (1) similar material as that of the bulk carbon 
matrix implies the compatibility in thermal expansion coefficient and hence, minimizes the 
probability of defects during pyrolysis; (2) the inclusion of micro-porous channels in the carbon 
matrix allows the exposure of more domains to the gas molecules, hence, improving the gas 
permeation of the molecules through the membrane. In addition, phenol-formaldehyde pre-
polymeric resin was introduced to provide better adhesion of the carbon membrane to the ceramic 
support. As predicted, defect-free carbon membrane on a macro-porous ceramic was obtained at 
high pyrolysis temperature from 500 °C to 1000 °C, with the optimal temperature setting at 
800 °C.        
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10.1 Introduction 
Carbon membrane materials are becoming more important in the new era of membrane 
technology. These carbon membranes have large scale industrial usage, such as water purification 
[65, 228], and have especially good intrinsic performance for gas separation applications [229]. 
As compared to other membrane materials, carbon membranes display attractive characteristics, 
such as higher selectivity, permeability and stability in corrosive and high temperature operations 
[230].  The usage of carbon membranes for gas separation requires strictly controlled pore 
structure, which is a challenge because the structure of carbon is relatively complex [231]. As 
such, much research has been devoted to the synthesis of carbon membranes with controlled pore 
size and distribution.  
Carbon membranes can be produced through a process known as pyrolysis, whereby a 
suitable polymeric precursor is heated under controlled inert conditions [232]. Pyrolysis is the 
most critical step in the production of carbon membranes [233]. During pyrolysis, polymeric 
precursor carbonizes and forms the pore structure, which is involved in gas separation.  The entire 
process of preparing carbon membranes involves many steps and the manipulation of conditions 
and parameters involved in each of these steps is shown to have significant impacts on the carbon 
membranes produced [234]. Hence, a large amount of research has been conducted in hopes of 
enhancing the separation performance of carbon membranes by varying these parameters.  
The polymeric precursor that will be used in this thesis is a conducting polymer, 
polypyrrole (PPy). Although a wide variety of polymeric precursors, such as polyimide [235], 
poly(furfuryl alcohol) [236] and phenolic resin [80], can be used to produce carbon membranes, 
polypyrrole allows for a lower production cost and contains high carbon-contents. These 
desirable characteristics make polypyrrole a worthy candidate to research upon.  
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Pyrolysis temperature, which is a crucial parameter involved in the pyrolysis process, is 
varied and studied in this paper. Pyrolysis temperature has a strong influence on the properties of 
carbon membrane, in terms of the membrane structure, separation performance (permeability and 
selectivity) and the transport mechanism for gas separation [233]. It has been reported that an 
increase in the pyrolysis temperature will result in a decrease in gas permeability and an increase 
in selectivity [91, 92, 216]. Hence, the effect of pyrolysis temperature on the gas separation 
performance is examined.  
In the previous study conducted (Chapter 9), carbon membranes were successfully 
fabricated using polypyrrole as a polymeric precursor. By subjecting the polymeric precursor to 
specific conditions, an asymmetric carbon membrane was formed on a porous yttria-stabilized 
zirconia (YSZ) support. Although the carbon membrane was fabricated successfully, the 
pyrolysis temperature examined was limited to 700 °C. At pyrolysis temperatures above 700 °C, 
the shrinkage of carbon membrane during pyrolysis resulted in thermal stress within the carbon 
matrix. This causes a lack of adhesiveness of the carbon matrix to the YSZ support, resulted in 
defects on the carbon membrane film. This could be seen when the carbon membrane peeled off 
from the YSZ support and was no longer intact at temperatures above 700 °C.  These defects 
resulted in the formation of pinholes in the carbon membrane, which destroyed the membrane’s 
ability to separate gas.  
In this chapter, we attempt to improve on the carbon membrane structure and integrity 
through modification to the procedure. These attempts include modifying the prime carbon layer 
by using phenol-formaldehyde prepolymer resin to create a more adhesive first layer to enable 
better anchorage to the YSZ support, as well as incorporating carbon nanotubes during pyrolysis. 
Phenol-formaldehyde (phenolic) resins have found applications in molding components, coatings 
and as adhesive due to their low manufacturing cost, dimensional stability, fire resistance and 
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high tensile strength. The key rationale of using phenolic resin as the base coat is that it contains a 
high density of hydroxyl groups, which can interact with the polymer coating to apply on it. 
Hydrogen bonds can act as physical cross-linker during the pyrolysis process to enhance the 
adhesiveness of the membrane to the support. On the other hand, carbon nanotubes embedded in 
the polymeric layer, will act as interlayer spacers, hence allowing the formation of micro-
channels and increasing the free volume of carbon matrix [237, 238]. With these modifications, it 
is observed that a carbon membrane could be obtained at high pyrolysis temperatures. With that, 
the effect of pyrolysis temperature on membrane performance is studied.         
  
10.2 Experimental  
10.2.1 Synthesis and application of phenol-formaldehyde prepolymer 
solution 
Phenol (99%, Sigma-Aldrich, USA, 1g, 10.63 mmol) was mixed with 250 µl of deionized 
water in a small beaker and stirred well. Formaldehyde (37%, Merck, Darmstadt, Germany, 
1.45 ml) was then added to the solution. Using a dropper, NaOH (1 M) was added to the mixture 
until the pH became 7, determined by the used of a pH meter. The solution was then stirred at 
90 °C for 4 hrs. The ratio of the formaldehyde to phenol was kept at 1.8 throughout the 
experiment. 
After the prepolymer solution has been stirred for 4 hours, it was coated onto a porous 
yttria-stabilized zirconia (YSZ) support (d = 2.6 cm) with an average pore size of 1 μm. The 
method employed to fabricate the ceramic support was adopted from Chapter 4-6. The 
prepolymer solution was spin coated onto the YSZ support at a rotating speed of 200 rpm for 10 s 
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and 1500 rpm for 30 s on a spin coater. The YSZ support was then cured at 70 °C for 2 hrs. After 
curing, the entire procedure was repeated to coat another layer of prepolymer solution onto the 
YSZ support and the resulting YSZ support was cured at 70 °C for 2 hrs again. 
10.2.2 Synthesis and application of m-cresol layer 
The synthesis of doped polypyrrole (PPy-DBSA) powder can be referred to Chapter 9, 
Section 9.2.1. The synthesized PPy-DBSA powder (0.25 g) was added with 5 ml of m-cresol and 
stirred for 12 hrs. The resultant solution was placed in a sonicator bath for 15 mins before 
filtering through a polytetrafluoroethylene membrane (PTFE, Titan 2 High-performance liquid 
chromatography filter, Titian, USA). The solution was applied onto the YSZ support using spin 
coating with the same profile as before. The YSZ support was then placed in a furnace to cure 
with a heating profile of 0 °C to 120 °C at 4 °C/min, dwell at 120 °C for 2 hrs. Further heating was 
conducted with a profile of 120 °C to 250 °C at 0.7 °C/min, 250 °C to 800 °C at 0.5 °C/min, dwell 
at 800 °C for 2 hrs, and a decrease from 800 °C to 0 °C at 0.5 °C/min. Argon was passed through 
the furnace throughout the entire heating process. To vary the pyrolysis temperature, the 
maximum temperature was modified accordingly.  
10.2.3 Synthesis and application of final layer 
The final layer applied on the YSZ support consists of the initiator solution (0.1 g BPO / 
ml chloroform) as well as pyrrole. The initiator solution was stirred and then casted on the YSZ 
support from the previous step. The YSZ support containing initiator solution was then wiped 
with Accuwipe to remove excess BPO particles that were not trapped inside the pores. Pyrrole 
was then applied onto the surface of the YSZ support and left stagnant for 3 mins for 
polymerization to occur. After 3 mins, the YSZ support was subject to spinning at the same 
profile to remove the excess liquid layer. The YSZ support was then left to dry in the furnace and 
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subjected to the same heating profile as stated above (Section 10.2.2). Figure 10-1 summarizes 
the layers of coating done on the YSZ substrate. 
 
Figure 10-1: Layers of coating done on YSZ support 
 
10.2.4 Carbon membrane synthesis with carbon nanotube anchorage 
The various layers of coating applied on the YSZ substrate are the same as stated in 
section 10.3.3, except for the application of the second layer. In the preparation of the second 
layer of coating, 0.25 g of grinded PPy-DBSA powder was added with 5ml of m-cresol and 
stirred for 12 hours. The solution was then placed in a sonicator bath for 15 mins before it was 
filtered through a 1 µm PTFE membrane. The weight of the filtered solution was measured. 1 
weight percent of carbon nanotubes (CNT) was weighed, added to the solution and then placed in 
a sonicator for 3 minutes. The resulting solution was applied using spin coating and heated using 
the same profile as in section 10.2.2. Figure 10-2 shows the layers of coating applied on the YSZ 
support. 
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Figure 10-2: Layers of coating done on YSZ support 
 
10.2.5 Carbon membrane synthesis with n-methyl-2-pyrrolidone (NMP) 
The coating of layers is the same as stated previously in section 10.3.3, except for the 
coating of one additional layer before the phenol-formaldehyde prepolymer layer. PPy-DBSA 
powder (0.25 g) was added in 5 ml n-methyl-2-pyrrolidone (NMP) and stirred for 12 hrs to 
achieve a homogeneous solution. The solution was ultra-sonificated for 15 mins to avoid any 
possible undissolved PPy-DBSA particles, and filtered through a PTFE membrane. The resultant 
solution was spin coated onto the YSZ support using the profile mentioned previously. Another 
layer of NMP solution was introduced in the same manner. After that, the polymeric membrane 
was gradually heated up to 500 °C at a rate of 1 °C/min under argon purge (6 ml/s) and held 
under the same conditions for 2 hrs to complete carbonization. The application of prepolymer 
solution and subsequent layers were carried out in the same manner as in section 10.2.1 to 10.2.3. 
10.2.6 Characterizations 
The gas performance of the membrane was examined using the gas permeation test setup 
described in Chapter 9, Section 9.2.3. Equations 9-1 and 9-2 were used to calculate the pure gas 
permeability coefficients and the ideal gas selectivity. FESEM was used to characterize the 
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surface and cross section morphology of the membranes. The support containing carbon 
membrane is fractured to obtain the samples for surface and cross sections of carbon membrane. 
These samples are attached to the support and fastened with carbon tape. The samples were 
covered with a thin coating of sputtered platinum for imaging with a JEOL JSM-6700F (Tokyo, 
Japan) scanning electron microscope. Scanning electron micrographs were taken with a 
magnification of up to 20 000 times, in order to observe film surface morphology and to measure 
the cast film thickness.  
 
10.3  Results and Discussion 
10.3.1 Application of phenol-formaldehyde prepolymer as prime layer 
In order to obtain a defect free carbon membrane on the YSZ substrate, the prime carbon 
layer is vital as it has a critical impact on the carbon membrane produced. The main function of 
the prime carbon layer is to act as a base to decrease the mismatch of pore sizes between the 
carbon membrane and YSZ support. The prime carbon layer should adhere to the ceramic YSZ 
substrate so that the carbon membrane will not peel off easily from the substrate. In addition, the 
prime carbon layer should ideally be flat and smooth so that a defect free carbon membrane can 
form without being affected by the surface defects present in the ceramic substrate. There is a 
tradeoff between cohesive and adhesive forces. A solvent that forms a dense polymer-coating 
matrix has strong cohesive forces. However, at high pyrolysis temperatures, predominant 
cohesive contraction results in poor adhesion to the substrate.  
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Figure 10-3: Picture of low adhesiveness of carbon membrane to YSZ support at high 
temperatures 
 
Previously in Chapter 9, NMP was selected as a solvent for the prime carbon layer as it is 
able to attain a tradeoff between cohesive and adhesive forces. However, the prime carbon layer 
with NMP as solvent results in the peeling of carbon membranes beyond a temperature of 700 °C. 
Figure 10-3 is an example of how the carbon membrane peels off from the YSZ substrate.  
Similar observations have also been reported in other journal articles [71]. This is due to the lack 
of adhesiveness to the surface of the ceramic substrate. The process of heat treatment in pyrolysis 
comprises of various stages. First, random structural cross-linking, whereby condensation and 
elimination of functional groups occur; second, aromatization, whereby polyaromatic 
hydrocarbons (PAH) form; third, carbonization, whereby PAH grows and partial graphitization 
occurs. At temperatures above 500 °C, a microporous carbon matrix structure is formed due to the 
carbonization of the aliphatic chains. At this point, the carbon matrix is made up of aromatic 
micro-domains and amorphous carbon [14]. At higher temperatures, there is an increase in 
aromatic micro-domains that leads to higher cohesiveness and rigidity in carbon structure. This 
results in a lower adhesiveness, resulting from high stress between the carbon membrane and the 
YSZ support. 
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In order to improve on the adhesiveness of the prime carbon layer, phenol-formaldehyde 
prepolymer resin is utilized. Phenol-formaldehyde resins have wide industrial applications and 
are relatively inexpensive and highly versatile. The resin used for the prime carbon layer is a resol 
resin whereby the solution of formaldehyde and phenol creates a non-crosslinked resin. Phenol-
formaldehyde resin is produced by the condensation of phenol with formaldehyde whereby water 
is produced as a by-product. It is commonly carried out at temperatures between 40 °C and 
100 °C. This reaction to form phenol-formaldehyde resins is classified as a step-growth 
polymerization reaction that can be either acid- or base-catalysed [239]. A step-growth 
polymerization basically refers to a type of polymerization mechanism in which monomers react 
to form dimers, then trimers and longer oligomers and eventually long chain polymers. Figure 10-
4 shows the structure of a phenol-formaldehyde resin. 
 
Figure 10-4: Chemical structure of phenol-formaldehyde resin 
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Polymerization of phenol-formaldehyde prepolymer is highly dependent on temperature 
and pH [240]. In the preparation of phenol-formaldehyde prepolymer, phenol is left to react with 
formaldehyde at 90 °C for 4 hrs. Since this is a step-growth polymerization, partial 
polymerization occurs and polymers of different lengths are present due to different extents of 
polymerization. The solution is then spin-coated onto the YSZ substrate and cured at 70 °C for 
two hours. This process results in in-situ polymerization of phenol-formaldehyde resin. 
Prepolymer serves as a better prime carbon layer due to this polymerization process. When the 
partially polymerized prepolymer resin is applied onto the YSZ substrate, longer polymers are 
plugged into the larger pores present in the YSZ substrate, while the smaller pores are filled using 
the monomers or shorter chain polymers. During the final period of curing at 70 °C, the partially 
polymerized polymer transforms into a three-dimensional crosslinked insoluble, infusible 
polymer over the YSZ substrate. This process effectively seals up the pores present in the YSZ 
support.  
Another advantage in using prepolymer as a prime carbon layer is because a thinner layer 
can be obtained as compared to using NMP as solvent. This is mainly due to the fact that PPy-
DBSA powder dissolved in NMP results in coiling of polymer, which creates a thick layer. In 
addition to that, when m-cresol is subsequently added as a solvent for the second layer of coating, 
m-cresol also participates in the step polymerization reaction. Since the chemical structure of m-
cresol is similar to that of phenol, it can be deduced that m-cresol reacts with formaldehyde and 
participates in further polymerization when subjected to heat treatment subsequently. This 
process increases the adhesiveness between the first and second layer, which further helps to 
anchor the carbon membrane onto the YSZ substrate.  
A YSZ substrate coated with phenol-formaldehyde prepolymer using the method stated 
previously is observed under FESEM, as shown in Figure 10-5. The surface of YSZ support is 
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uniformly coated with phenol-formaldehyde prepolymer and the prepolymer has effectively 
covered up most of the pores present in the substrate. From the cross-sectional image, a dense 
layer has formed uniformly over the YSZ support and the pore size has significantly been 
reduced. 
 
Figure 10-5: (a) Surface of YSZ substrate coated with prepolymer, (b) A higher magnification of 
the surface modified substrate, (c) Cross-section of YSZ substrate coated with 
prepolymer showing the various layers.   
 
A carbon membrane produced using prepolymer as the first layer is observed under 
FESEM and showed below. From Figure 10-6, it can be observed that the phenol-formaldehyde 
prepolymer solution seeped into the pores present in the YSZ substrate, hence allowing for better 
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anchorage of the prime carbon layer. This prevents the formation of huge gaps between the 
carbon membrane and YSZ substrate, hence, reducing the likelihood of the carbon membrane 
peeling off from the YSZ substrate.  
 
Figure 10-6: FESEM micrograph of cross-section of (a) carbon membrane using prepolymer as 
a prime carbon layer (b) prepolymer adhering to YSZ support. 
 
The usage of phenol-formaldehyde prepolymer allows for the formation of carbon 
membranes at pyrolysis temperatures higher than what was attained previously. In previous 
studies, a maximum temperature of 600 °C was attained before the carbon membrane started 
peeling off from the YSZ substrate. Using phenol-formaldehyde prepolymer, a higher pyrolysis 
temperature of up to 800 °C could be obtained. 
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10.3.2 Incorporation of carbon nanotubes in carbon molecular sieve 
Although current polymeric membranes have been identified to have good separation 
properties, there still exist a tradeoff in the relationship between permeability and selectivity. It 
has been observed that the separation factor generally decreases with increasing permeability of 
the more permeable gas component. This trade-off relationship is shown to be related to an upper 
bound relationship, as seen in the Robeson plot. 
Another problem encountered during the synthesis of CMS membranes was the peeling 
of the CMS membrane from the YSZ support at high pyrolysis temperatures (> 700 °C). As 
mentioned previously, at pyrolysis temperatures above 500 °C, a microporous carbon matrix 
structure was formed due to the carbonization of the aliphatic chains. At this point, the carbon 
matrix consist both aromatic micro-domains and amorphous carbon [241]. These aromatic micro-
domains are of different sizes, each of which containing several PAH flakes. At higher 
temperatures, there is an increase in aromatic micro-domains that leads to higher cohesiveness 
and rigidity in carbon structure. This resulted in a lower adhesiveness, a consequent of the high 
stress between the carbon membrane and the YSZ support. 
The peeling of carbon membrane from the YSZ support also occurred because the micro-
domains expanded to different extents, due to their different sizes. Peeling of the carbon 
membrane also arises due to thermo-mechanical stresses that develop in the matrix and pressures 
from evolving gas products during pyrolysis [242]. The cooling of the carbon membrane from 
high pyrolysis temperatures also leads to different sized graphene flakes contracting at different 
rates, hence resulting in fissures on the carbon membrane. 
In order to solve the challenging trade off relationship between permeability and 
selectivity, it is found that incorporation of carbon nanotubes can improve the gas flux without 
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losing the selectivity of membranes. From the gas test conducted on the membranes synthesized, 
the results of the pure gas permeation rates are as shown below in Table 10-1 and Figure 10-7.   
 
Table 10-1: Comparison of permeability of CMS membranes with and without CNT at 800 °C 
Membrane Permeability (Barrer) 
 H2 CO2 O2 N2 CH4 
Carbon membrane 
without CNT 
51.57 60.77 63.37 52.63 36.81 
Carbon membrane with 
CNT 
4084.1 1178.1 1109.6 1400.5 1126.1 
 
 
Figure 10-7: Gas permeability against kinetic diameter of gas molecules for carbon membrane 
fabricated at 800 °C 
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 It can be seen that the permeation rate of all the gases increases after the incorporation of 
nanotubes into the carbon membrane. Interestingly, the tradeoff relationship between 
permeability and selectivity is not as obvious after the addition of carbon nanotubes. As shown by 
the Robeson plot, the gas separation results obtained for the carbon membrane with addition of 
carbon nanotubes exceeded the upper boundary for both H2/CO2 and H2/CH4 gas pairs (Figure 10-
8).  
 
Figure 10-8: Robeson plot for (a) H2/CO2 gas pair (b) H2/CH4 gas pair 
  
 The superior performance of carbon membranes with carbon nanotubes is due to the fact 
that the nanotubes present between the interlayer of carbon matrix provide suitable interlayer 
spacing, hence allowing the formation of micro-channels or gaps. This increases the free volume 
of carbon matrix, which increases the exposure of micro-pores to gas molecules. In other words, 
the carbon membrane produced has a more connected micro-pore structure. These micro-channels 
allow gas to pass through the carbon membrane more easily, hence, reducing the gas diffusion 
resistance.  
Chapter 10 
CNT as structural pillars and micro-porosity injectors 
243 | P a g e  
 
 The incorporation of carbon nanotubes also allows the higher pyrolysis temperatures to 
be attained. As mentioned previously, usage of high pyrolysis temperatures results in the peeling 
of the membrane due to domains expanding at different rates, as well as due to the presence of 
thermo-mechanical stress in the carbon matrix. While the carbon membrane without carbon 
nanotubes started peeling at a temperature of 700 °C, the incorporation of carbon nanotubes 
enables a significantly higher pyrolysis temperature of up to 1000 °C to be achieved. This can be 
attributed to the fact that the carbon nanotubes function as spacers between the layers of graphene 
flakes. This enables the graphene flakes to cool down as various rates, hence preventing 
shrinkage of the entire membrane as a whole. Another explanation may be due to the fact that 
carbon nanotubes decrease the domain size in the carbon matrix as it is interspersed between the 
aromatic micro-domains. This reduces the cohesiveness and rigidity in carbon structure when the 
carbon membrane is pyrolyzed at high temperatures. As such, this reduces the mechanical stress 
prevalent during heat treatment. The successful incorporation of CNT into the carbon membrane 
can be verified from the FESEM images taken of the carbon membrane as shown below in 
Figure 10-9.  
 
Figure 10-9: FESEM Image of carbon membrane with CNT (a) cross-section (b) surface.  
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10.3.3 Effect of pyrolysis temperature on carbon membrane 
 
Figure 10-10: Permeability of membrane pyrolyzed at different temperatures 
 
Figure 10-11: Permeability of membrane pyrolyzed at different temperatures 
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 The pyrolysis process can be conducted in a wide range of temperatures, in between the 
decomposition temperature of the carbonaceous precursor and its graphitization temperature. 
Pyrolysis is commonly carried out at a temperature range of 500 to 1000 °C. At this range of 
temperatures, pyrolysis removes most of the heteroatoms that are originally present in the 
polymeric macromolecules, leaving a cross-linked and stiff carbon matrix behind. Pyrolysis 
temperature has a large influence on many properties of the carbon membrane, such as membrane 
structure, permeability and selectivity. The optimum temperature for pyrolysis depends mainly on 
the type of precursor used. In general, an increase in temperature will increase selectivity and 
decrease permeability. An increase in temperature will also lead to a thinner carbon membrane, 
with smaller average inter-planar spacing between the graphite layers of the carbon [233].   
 The results of the gas test conducted on the carbon membranes pyrolyzed at different 
temperatures are displayed in Figures 10-10 and 10-11. The results are based on carbon 
membranes fabricated with prepolymer as prime carbon layer, followed by PPy-DBSA and 
carbon nanotubes dissolved in m-cresol for the middle layer, and finally BPO initiator with 
pyrrole as the final layer. From the figures, it can be deduced that as pyrolysis temperature 
increases from 700 °C to 800 °C, permeability of the membrane increases. This increase in 
permeability is consistent throughout all the pure gases tested. One factor attributing to the 
increase in permeability is possibly due to the fact that an increase in pyrolysis temperature leads 
to a growth of aromatic micro-domains which  results in an enlargement of pores, leading to a 
more porous structure [71].  
 From the results obtained, it appears that 800 °C seems to be the optimum temperature 
for the pyrolysis of carbon membranes using pyrrole as a polymeric precursor. Beyond the 
temperature of 800 °C, the performance of the carbon membrane decreases. Permeability of the 
carbon membrane dropped significantly for membranes pyrolyzed at temperatures above 800 °C. 
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For instance, the permeability of carbon membranes pyrolyzed at 1000 °C is 10 times less 
permeable than carbon membrane obtained at 800 °C.  The drop in permeability for carbon 
membranes pyrolyzed at high temperatures is attributed to the gradual destruction of crosslinks of 
the polymer at high temperature. This leads to the clustering of aromatic units and subsequent 
rearrangement of stacking graphite planes. The alignment of graphite structures results in 
micropores closing, hence, a drastic reduction in permeability [78].  
 In addition, micro-cracking appears to occur quite quickly if even the smallest amount of 
additional polymer is added at high temperatures. Hence, only thin layers of polymer can be 
coated for the membrane to be pyrolyzed without significant defects. Thin layers of polymer are 
coated in the experiment using the method of spin-coating. It is observed that methods which 
involve thicker layers of polymer, such as solution casting, led to peeling of the carbon 
membrane. This phenomenon arises due to several reasons. Firstly, a higher temperature results in 
a more porous structure, which is significantly more delicate. As such, the more delicate 
membrane is prone to defects and micro-cracking. Hence, micro-cracking for membranes made at 
higher temperatures, begins with a lower amount of carbon membrane than for membranes made 
at lower temperatures.  Another reason is due to the fact that at high thermal conditions, 
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10.4 Conclusions 
Enhancement of carbon membrane structure and integrity was also successfully carried 
out. The enhancement methods included modifying the prime carbon layer by using phenol-
formaldehyde prepolymer resin, as well as incorporating carbon nanotubes during pyrolysis. With 
these improvements, it was found that a defect-free carbon membrane could be obtained even at 
high pyrolysis temperatures. Hence, the effect of pyrolysis temperature on the carbon membrane 
performance was studied. By using a wide range of pyrolysis temperatures, from 700 °C to 
1000 °C, it was observed that 800 °C allowed for the formation of the best performing carbon 
membrane.
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Chapter 11 : The Structural Evolution of side-chain grafted Polypyrrole 
to Carbon Membrane 
 
Abstract 
This work provides an insight into the evolution of carbon matrix derived from 
carbonizing structurally modified polypyrrole. Attaching aliphatic side chains to rigid PPy 
backbones was found to apparently defer the thermal decomposition extent of the polymer during 
the pyrolysis process. The branched structure retarded quick aggregation of polyaromatic 
hydrocarbons generated therefore and allowed for the growth of a continuous carbonaceous 
matrix. The carbonization step was followed by the evolution of microporous structure with the 
increase in calcinations temperature, which is significantly affected by the carbonaceous structure 
formed. These understandings are based on the characterizations of IR, XPS and 13C-NMR 
spectroscopies and DSC analysis. The actual membrane performance for gas separation was 
carried out to correlate with pore sizes formed. In summary, this work provides a fundamental 
study to understand the transition of polymer to carbon during pyrolysis. 
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11.1  Introduction 
Research on developing various membranes with aim of industrial application such as gas 
separation and water purification has progressed tremendously over the last two decades [243-
246]. Polymeric materials have been the prime candidate due to the ease of preparation and good 
inherent performance [247, 248]. With the ever increasing demand for energy efficiency and the 
quest for improvement, the focus of the membrane research community has been shifted to 
enhancing the existing membranes by exploring new materials, material modification, and 
incorporation of additives such as molecular zeolite [249] and carbon nano-tubes [237]. In 
contrast to polymeric membranes, the thermal stability and corrosion resistivity of carbon 
membrane have propelled carbon as a potential material for industrial applications such as gas 
separation and water purification [3, 87]. Its undeniable advantage has led to an increase number 
of studies on carbon membranes for different applications such as catalysis, gas separation for the 
past decade [87].    
A simplified view of carbon membrane shows that it is the carbonization product of a 
polymeric film prepared in either an inert environment or vacuum [87]. During the pyrolysis 
process, hydrocarbon chains of the polymeric film first undergo intricate decompositions giving 
rise to polyaromatic hydrocarbons (PAHs). PAHs then carry out graphitization upon being heated 
to a higher temperature (> 600 °C). Progressively a matrix comprising of graphite crystallites is 
attained. For such a material conversion, the polymer structures, in particular, rigidity of main 
chain and thermal reaction products of the pendant side-chain groups, are crucial to the 
achievement of a continuous carbon matrix with the desired pore-size range for gas separation. 
Nevertheless, only a handful of studies have been carried out to date to understand the evolution 
of a porous carbon matrix [250]. In connection to a porous carbon membrane, gas molecules 
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permeate through it with involving the following mechanisms: Knudsen diffusion (in nano pores), 
molecular sieving (in angstrom pores) and the surface diffusion [251]. The permeability and 
permselectivity of gas separation depend upon the contribution of pore sizes and shapes of 
channels. In principle, the sieving of small molecules like N2 from natural gas relies on the size 
exclusion of the gap between graphite layers. Hence for purification of natural gas a desired 
carbon membrane should possess three structural characteristics: defect-free, sufficiently thin, and 
predominant graphite domains.      
Polybenzoimidazole (PBI) has been popularly used to prepare graphite-like carbon 
membranes [4]. It is supposed that the conjugated 1,3-banzoimidazole and tere-phthalate units 
comprising of PBI chain be the main structural factor leading to regular growth and distribution 
of PAHs during pyrolysis. The resultant PHAs packing is deemed to be influential to the 
development graphite crystallites in the subsequent calcination step. Similar to PBI, polypyrrole 
(PPy) has a conjugated polymer chain consisting of the 5-member pyrrole rings, but PPy will 
have to undergo a larger extent of restructuring during pyrolytical step in order to form PAHs, 
which are constructed primarily by 6-member carbon rings. The larger structural change will 
bring about a lot of defects due to irregular growth of PAHs. Another difficulty of using PPy as 
precursor to fabricate a uniform carbon membrane lies in strong intermolecular interactions of 
PPy chains, which makes PPy be virtually impossible to dissolve in any solvent and hence to cast 
a precursor membrane. Therefore, to developing a carbon membrane from PPy, its structure must 
be modified so as to overcome the existing problems and hence a new pyrolytical chemistry will 
be unveiled.    
In this chapter, an investigation into the detailed conversions of PPy to the carbonaceous 
matrix was first carried out. On this basis, the PPy chains borne with randomly grafted side 
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chains, dodecylbenzene sulfonic acid (DBSA), were synthesized as the modified PPy. The DBSA 
side chains on PPy largely promote the solvation degree of PPy in organic solvents e.g. NMP and 
o-cresol. More significantly, the PPy-DBSA displays a different thermal decomposition pathway 
from its un-doped counterpart. The thermal analysis and spectral characterizations indicate the 
facilitating role of the pendant DBSA chains in the formation of PAHs during carbonization. The 
structure of PAHs in terms of the ratios of sp2-C/sp3-C and C/H were found to impact the 
evolution of porous structure of the carbon matrix obtained eventually from the graphitization 
treatment. The porous structure of carbon membrane was correlated with the permeation 
performance of different gases including molecules of air, hydrogen and methane.  
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11.2 Experimental      
11.2.1 Synthesis of the doped polypyrrole PPy-DBSA 
             The synthesis of the PPy-DBSA powder is described in Chapter 9, Section 9.2.1. The 
synthesized black powder was then placed in a tube furnace and inert environment was 
introduced by passing argon at a rate of 30 L/hr. The samples were heated to the desired pyrolysis 
temperature at a rate of 1 °C/min and held for 2 hrs. The samples were then cooled to room 
temperature at a rate of 1 °C/min. Sample names used in this paper correspond to their maximum 
pyrolysis temperature; for example PPy-DBSA_500 was pyrolyzed at 500 °C for 2 hrs.   
11.2.2 Characterization of PPy and PPy-DBSA derived nanoporous carbon  
The thermal stability of the ungrafted and grafted PPy were studied on a 
thermogravimetric analyzer (TGA 2050, TA Instruments, Newcastle, Delawave, USA) under 
flowing N2 (30 ml/min) in the temperature range from 30 °C to 950 °C with using a heating rate 
of 10 °C/min. The infrared spectrum of the evolved gas during thermal treatment was analyzed 
using fourier transform infra-red (FTIR) spectroscopy (Bio-Rad FTS-3500ARX, Excalibur 
Series, Cambridge, MA, USA). The glass transition behaviors of the two polymers were studied 
by using differential scanning calorimetry (DSC, Modulated DSC 2920, TA instrument, 
Newcastle, US). The first scan to 110 °C was designed to remove different thermal histories from 
the samples, and the subsequent scan was carried out from 0 to 400 °C using a heating rate 
of 5 °C/min.      
 The structural conversion of polymer precursor with the increase in pyrolysis temperature 
was scrutinized by Fourier transform infra-red (FTIR) spectroscopy (Bio-Rad FTS-3500ARX, 
Excalibur Series, Cambridge, MA, USA). The KBr pellet with ca. 1 wt% of sample was prepared 
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to conduct the examination. The pellet was placed in a sample chamber, which was purged with 
N2 for 20 min prior scanning to eliminate interference of water and carbon dioxide.  
X-ray photoelectron spectroscopy (XPS) was employed to examine if heteroatom, N, had 
participated in the carbon structure after carbonization. The test was performed on a spectrometer 
(Kratos Axis His System) with X-ray source (1486.6 eV photons). The X-ray power supply was 
run at 15 kV (anode voltage) and 10 mA (anode current). The PPy and PPy-DBSA samples in 
powder form were mounted on the standard sample holder using a double-side adhesive tape. All 
core-level spectra were referred to the C1s neutral carbon peak at 284.6 eV. They were also curve-
fitted by using Gaussian component peaks.  
In addition, 13C solid-state nuclear magnetic resonance (NMR) cross-polarization magic 
angle spinning (CP/MAS) was recorded on a Bruker AVANCE 400 WB (Bruker, Germany) at 
500 MHz and ambient probe temperature. This is to analyze the carbon environment of the 
pyrolyzed powder at different carbonization temperatures. 
The porous properties of the carbonized powders from PPy and PPy-DBSA were 
measured using Autosorb-1 (Quantachrome Instruments). Prior to all measurements, the samples 
were degassed at 300 °C for 3 hrs. From the adsorption isotherm curve of a sample, the total pore 
volume, Vt, was obtained from the amount of N2 adsorbed at a relative pressure of 0.995 and the 
micropore volume Vµp was determined using the Horvath-Kawazoe (HK) method. In addition, the 
pore size distributions of micropores and mesopores were obtained from the isotherm parameters 
using the HK method and nonlocal density functional theory (NLDFT).  
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11.3 Experimental Results  
Figure 11-1a shows the weight loss versus pyrolysis temperature for PPy, DBSA and 
PPy-DBSA.  Thermal gravimetric analysis of these samples, conducted under a nitrogen purge, 
was recorded from 110 °C onwards to avoid the dehydration slope as PPy is hydroscopic. From 
110 °C to 200 °C (Fig. 11-1a, Region I), both samples have similar weight loss due to the 
removal of hydrated molecules [252]. From 200 °C to 300 °C (Fig. 11-1a, Region II), the PPy 
undergoes a slightly stronger mass elimination than the PPy-DBSA. From 300 °C to 500 °C, 
doped PPy exhibited greater weight loss by the in the early stage of region III (Fig. 11-1a, Region 
III). Finally, the TGA diagram of PPy-DBSA reveals that the major thermal elimination 
completes before 500 °C, after which, gradual weight loss is recorded (Fig. 11-1a, Region IV). In 
addition, the glass transition of the samples was referred from the heat calorimeter data (Fig. 11-
1b).  
Investigation of the gas evolved during pyrolysis will provide an insight of the structural 
evolution of the material to carbon structure. Figure 11-2 shows the in-situ measurement of the 
infrared spectra of the evolved gas with temperature during the pyrolysis process. The main 
characteristic peaks observed were at 2900-3000 cm-1 (C-H aliphatic stretching), 2350 cm-1 
(CO2), 1300-1400 cm-1 (C-H aliphatic deformation), 950-1000 cm-1 (S=O stretching vibration) 
and 720 cm-1. 
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Figure 11-1: (a) TGA thermogram and (b) DSC thermogram of DBSA, ungrafted polypyrrole 
and DBSA-grafted PPy. Alumina pans; heating rate of 10 °C/min in nitrogen.  
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Figure 11-2:  In-situ measurement of infrared spectra of the evolved gas with temperature during 
the pyrolysis of (a) DBSA-grafted PPy and (b) ungrafted polypyrrole. Pyrolysis 
was carried out in by the TGA instrument with the same heating profile and 
environment as shown in Figure 11-1. Alumina pans; heating rate of 10 °C/min in 
nitrogen.     
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Furthermore, the infrared spectra of the PPy-DBSA were collected as a function of 
pyrolysis temperature and are shown in Figure 11-3. The main characteristic peaks for PPy-
DBSA were 2850-3000 cm-1 (=C-H stretching), 1536-1600 cm-1 (C=C and C=N in-plane 
vibration), 1450 cm-1 (C-C stretching) [226, 253], 1300 cm-1 (C-N stretching) [254], 1183 cm-1 
(S=O stretching vibration), 832 cm-1 (C-H, out of plane deformation vibration) and 724 cm-1 (C-
H, out of plane deformation vibration).    
 
Figure 11-3: FTIR spectrum of PPy-DBSA and its pyrolyzed carbon at different temperatures. 
Sample names use in the graph corresponds to the maximum temperature; for 
example PPy-DBSA_500 was pyrolyzed at 500 °C.    
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 Detailed structural information of the carbon environment of the pyrolyzed sample was 
obtained from solid-state 13C-NMR (Fig. 11-4). The characteristic chemical shifts at 25, 110 and 
150 ppm can be assigned to –CH2 groups of DBSA, carbon atoms at the 3 and 4 position of the 
pyrrole ring and carbon atoms at the 2 and 5 position of the pyrrole ring respectively. The board 
peak at ~130 ppm grew substantially in PPy-DBSA_500 and PPy-DBSA_600, representing both 
conjugated species and sp2 hybridized carbon in polyaromatic domains.    
 
Figure 11-4: Solid-state 13C NMR of PPy-DBSA_300, PPy-DBSA_400, PPy-DBSA_500 and 
PPy-DBSA_600 
 
PPy contains nitrogen in its ring structure and the nitrogen will be captured into the 
structure during carbonization, forming a hybrid material composing of nitrogen and carbon. 
Hence, it is of interest to investigate the nitrogen environment in the pyrolyzed PPy-DBSA. 
Figure 11-5 shows the XPS of the nitrogen of the carbonized material. For the carbonized PPy 
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powder, the N1s spectrum is composed of 5 sub- peaks according to deconvolution (Table 11-1). 
They represent the following species: (i) 398.09 – 398.6 eV for neutral imines [255]; (ii) 399.4 ± 
0.3 eV for neutral amines [256]; (iii) 400.29 – 401.09 eV for the charged N in pyrrole and 
pyridone; (iii) 401.2 ± 0.3 eV for quartenary ammonium; (iv) 403.50 – 405.34 eV corresponds to 
oxidized nitrogen; and (v) 405.21 – 407.83 eV correspond to gaseous nitrogen trapped in between 
different graphite sheets.  
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Table 11-1: Percentage of each region determined by XPS studies of N1s (Fig. 11-5) at 
carbonization temperatures of 300 – 700 °C. The different types of structures found 
in carbonized PPy-DBSA are illustrated in a schematic. (Insert) 







PPy_DBSA_300 7.6 68.9 11.9 
PPy_DBSA_400 15.0 66.8 10.0 
PPy_DBSA_500 22.2 57.2 8.4 
PPy_DBSA_600 32.6 46.5 9.2 
PPy_DBSA_700 32.1 45.8 11.3 
a: Expressed as a percentage of the total area under all the peaks 
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Figure 11-5:  XPS spectrum of N1s of carbonized PPy-DBSA at different temperatures. 
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The cumulative pore volume and pore-size distribution of the pyrolyzed carbon were 
measured by nitrogen adsorption and present in Figure 11-6 while the total pore volume and the 
micro-pore volume of the samples were tabulated in Table 11-2. PPy-DBSA_300 has the highest 
volume of pores, with the majority falling in the meso-porous range. However, the increase in 
pyrolysis temperature to 400 °C results in the disappearance of micro-pores, which can be 
attributed to the removal of aliphatic side chain of DBSA. Micro-pores in the region between 4 Å 
to 8 Å starts to appear after 500 °C and finally disappear after 700 °C.  
 
Figure 11-6: Micro-pore size distribution calculated by HK method from nitrogen adsorption 
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Table 11-2:  Porous textural parameters derived from N2 adsorption isotherms for carbonized 
powder of the DBSA doped PPy. 
 Vt (cm3/g) Vµp (cm3/g) %  Micropore 
PPy_DBSA_300 0.0756 0.0106 14.0 
PPy_DBSA_400 0.0711 0.0006 0.8 
PPy_DBSA_500 0.0726 0.0199 27.4 
PPy_DBSA_600 0.0202 0.0109 54.1 
PPy_DBSA_700 0.0331 0.0012 3.5 
 
11.4  Discussion  
DBSA grafted PPy has just been recently developed as a carbon membrane, whereby the 
conjugated nature of PPy leading to macro-cracks in the carbon membrane is overcome by 
introducing aliphatic polymer chains in the form of DBSA into PPy backbone. However, little has 
been documented on the evolution of pore structure of conducting polymer, in particular DBSA 
grafted PPy, at the molecular level. Using experimental results and observation presented in 
Section 11.3 as a basis, we aim to provide a detailed analysis on the dramatic chemical and 
physical changes, which occur during the transformation of DBSA-PPy to carbon during 
membrane formation.    
11.4.1 Structural evolution from polymer to pre-Poly-Aromatic-
Hydrocarbon (PAH)  
DBSA-PPy is primarily comprised of pyrrole rings linked together by C-C bridges and 
DBSA chain hanging from the backbone of PPy. To understand the effect of DBSA on the 
structural change during pyrolysis, ungrafted PPy is used as a comparison. From 110 °C to 
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200 °C (Fig. 11-1a, Region I), both samples have similar weight loss due to the removal of 
hydrated molecules [252]. Furthermore, from 200 °C to 300 °C (Fig. 11-1a, Region II), the PPy 
undergoes a slightly stronger mass elimination than the PPy-DBSA. This was similar to an 
independent study whereby the ungrafted form of PPy synthesized by ferric sulfate as the oxidant 
decomposes at a lower temperature than the grafted form in both inert [226] and oxidative [257] 
environment. It is therefore rational to consider that those ungrafted units in the backbone of the 
PPy-DBSA degrade before the grafted counterparts. As such, the second endothermic transition 
in the DSC thermogram of the PPy-DBSA can be attributed to the partially degraded chains since 
the initial degradation in this temperature range creates a new glassy state (Fig. 11-1b). 
PPy-DBSA undergoes elimination of sulfonic acid groups from the DBSA molecules 
simultaneously. This perception comes from the FT-IR spectrum of the evolved gas during 
pyrolysis (Fig. 11-2) and PPy-DBSA_300 (Fig. 11-3). The former shows a peaks in the region of 
650-1000 cm-1 corresponding to S=O stretching of SO2 and the later shows a drastic decrease in 
the intensity of S=O absorption band at 1183 cm-1. This can be attributed to the scission of 
sulfonate groups of the DBSA [226]. The dodecyl benzyl radicals generated from elimination of –
SO3H will likely undergo coupling by themselves or attach to the PPy backbone, forming 
aliphatic chain spacers that can survive till at least 400 °C. This is concluded from both the infra-
red (IR) and NMR characterizations: (1) The sample PPy-DBSA_400 shows the C-H infrared 
vibration bands (2850-3000 cm-1), which differ negligibly from the corresponding bands of the 
unheated counterpart (Fig. 11-3); (2) The strong intensity observed from 0 to 50 ppm on the solid 
state 13C-NMR confirms the existence of sp3 hybridization carbon (Fig. 11-4). Furthermore, the 
TGA profile of DBSA-Na, where significant weight loss takes place only above 400 °C, 
strengthens this claim.  
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The greater weight loss exhibited by the doped PPy in the early stage of range III is due 
to the faster decomposition of the PPy segments, in which the aliphatic chain layers still exist in 
the pyrolyzed PPy segments. These aliphatic DBSA chains start to decompose at around 400 °C 
to 500 °C. This is obvious from the both the infrared spectra of the evolved gas (Fig. 11-2) and 
the carbonized samples (Fig. 11-3). The former shows the presence of C-H aliphatic bonds while 
the latter shows drastic decrease in signal for C-H bonding from PPy-DBSA_400 to PPy-
DBSA_500.   
Finally, the TGA diagram of PPy-DBSA reveals that the major thermal elimination 
completes before 500 °C, after which, gradual weight loss is recorded (Fig. 11-1a, Region IV). 
The fading of IR absorptions in the fingerprint region (800-1600 cm-1) after 500 °C affirms the 
completion of pyrolysis. Furthermore, the broad peak at ~130 ppm observed from 13C-NMR 
spectrum, which corresponds to both conjugated species and sp2 hybridized carbon in 
polyaromatic domains, grows substantially with increasing temperature. This is accompanied by 
the large decrease in signal of the 110 and 150 ppm associated with the pyrrole 5-ring structure 
from PPy-DBSA_400 to PPy-DBSA_500. All these signify the end of the conversion of PPy-
DBSA to PAHs after 500 °C.  
11.4.2 Structural evolution with pore genesis in PAH  
The TGA diagram of PPy-DBSA shows just a few percents of mass elimination in the 
range from 500 to 900 °C, which corresponds to the growth of PAH flakes by the elimination of 
edge groups.  The XPS N1s spectra of the carbonized PPy-DBSA (Fig. 11-5) show a clear change 
in chemical environment of N-containing groups. 
Smaller PAH flakes obtained with lower pyrolyzing temperatures contain higher 
concentrations of charged pyrrolic or pyridone groups at their periphery. These charged groups 
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with the BE of 400.29 – 401.09 eV are converted to neural imine or pyridine groups with the BE 
of 398.09 – 398.6 eV through eliminating countered ions of the charged N+ cations, such as 
hydroxyl and chloride. It may also be noted that these neutral =N- groups still exist at the edge of 
PAH flakes since only quaternary =N< groups can happen inside the sp2-structured planar flakes. 
Moreover, the XPS N1s spectra reveal negligible change in quaternary ammonium with the 
increase in calcination temperature. Hence it can be inferred that the growth of PAH flakes relies 
on the merger of reactive carbon moieties rather than the N-containing groups. As a result, pores 
in the resulting carbon matrix contain high densities of the neutral =N- groups since the formation 
of the pores was primarily due to the packing of flakes.   
N2 physical adsorption measurement provides an alternative observation on the formation 
of micro-porous structure of the carbon matrix derived from PPy-DBSA. The porous structure 
was shaped by increasing the calcination temperature (Fig. 11-6). The different distributions of 
micro-pores obtained from N2-adsorption isotherms exhibit a special temperature-structure 
relation; PPy-DBSA_300 displays a series of continuous pore sizes greater than 8 Å, which 
reflects the contribution of the aliphatic chain layer that creates spatial gaps between the partially 
carbonized PPy segments. Simultaneously, the aliphatic chain layer also lessens the aggregation 
of the cohesive carbonized PPy species. When the pyrolysis temperature is increased to 400 °C, 
with the exception of deeper carbonization of the PPy moieties, decomposition of the aliphatic 
chains begins as evidenced from the TGA profile and the 13C-NMR analysis (Figs. 11-1a and 11-
4). This causes contraction and mutual crosslinking of the aliphatic chains and therefore closing 
up of the previous gaps as shown by the N2 sorption isotherm of PPy-DBSA_400. Calcination at 
500 °C leads to a drastic generation of microporous structure, which can be attributed to the 
completion of carbonization of the aliphatic chains according to TGA, 13C-NMR and IR. The 
carbon matrix formed at this stage comprises domains of different sizes and each domain consists 
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of a number of PAH flakes, which can be verified later by TEM image. Therefore larger pores 
(13-14 Å) in this matrix are attributed to the interstitial space surrounded by those domains with 
relatively bigger sizes, whereas smaller pores (7 Å) are contributed from packing of those smaller 
domains.               
Nevertheless, raising the calcination temperature to 600 °C brings about an apparent 
reduction in pore volumes of the previously existing pores. It is believed that PAH flakes undergo 
growth through the combination of the smaller pores to form finite graphene flakes. As a result, 
the interstitial voids due to random packing of relatively smaller domains are reduced 
dramatically. The IR spectrum of PPy-DBSA_600 confirms this occurrence because the IR 
fingerprints of aromatic rings fade away from the spectrum of PPy-DBSA_600 in contrast to the 
IR spectrum of PPy-DBSA_500 (Fig. 11-7). These spectral characteristics include the skeleton 
vibration absorption of aromatic ring in the range of 1536 cm-1 to 1600 cm-1 and the C-H out-of-
plane deformation vibration bands at 832 cm-1 and 724 cm-1. Finally, the IR spectrum of PPy-
DBSA_700 shows virtually no absorption of the aromatic rings, implying that graphitization 
occurs through stacking of the graphene flakes at different locations and therefore densification of 
the carbon matrix. In the same way, the N2 sorption isotherm displays almost a non-porous 
carbon matrix (Table 11-2). In short, the DBSA chains attached to PPy mitigate quick 
aggregation of the PPy segments while being carbonized, which is desirable for the formation of a 
continuous carbon matrix.   
11.4.3 Correlation with gas transport phenomenon in membrane 
Often, the structural changes in the material will greatly influence the gas transport 
phenomenon in the membrane. In this section, we correlate the structure characteristics of the 
powder to that of the membrane. Table 11-3 shows the gas permeation of carbon membranes 
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fabricated from PPy. The pure gas permeation test of the membrane decreased with pyrolysis 
temperature and the permeability of the membrane showed a direct correlation with the total pore 
volume of the pyrolyzed powder, i.e. there was a decrease in permeation of the membrane and the 
total pore volume of the pyrolyzed powder. Moreover, the pore size distribution of the pyrolyzed 
powder indicates meso-porous characteristics and this is indeed true for the transport 
phenomenon for the membrane. Clear observations of the gas permeation result reflect that 
Knudsen diffusion is dominant throughout the temperature range tested (Fig. 11-7). This indicates 
meso-porous structure was obtained by pyrolysis of both PPy-DBSA powder and PPy-DBSA 
derived membrane.    
 
Table 11-3: Gas permeation of carbon membranes from polypyrrole (Measured at room 
temperature). 
 Gas permeation (Barrer a) 
Sample b H2 CO2 O2 N2 CH4 
CM-500 51.2 15.5 20.3 17.1 21.3 
CM-600 18.6 7.9 7.1 8.7 9.6 
CM-700 8.7 4.3 5.2 4.4 5.7 
a:  1 barrer = 10-10 cm3 (STP) cm/(cm2 s cmHg) = 3.35 x 10-16 mol m / (m2 s Pa) 
b:  The value of the permeability of the carbon membrane was calculated using the following 
membrane’s thickness: 5.0 µm for CM-500, 3.8 µm for CM-600 and 3.0 µm for CM-700.  
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Figure 11-7: Permeability of carbon membrane pyrolyzed at various temperature against square 
root inverse of molecular weight of gas molecules. 
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11.5  Conclusions 
  Conducting polymer, in particular PPy has never been explored as a precursor to carbon 
membrane. Using traditional analytical tools such as FTIR, TGA, NMR and XPS, we examined 
the structural evolution of aliphatic grafted PPy with the emphasis on pore genesis. Upon heating 
to 500 °C, PPy spontaneously decomposes and begins to convert to polyaromatic structure with 
mesoporous properties. Such a structure comprises of polymer remnants and aromatic cores that 
form the basis for meso-porous structure. It is only after 500 °C that the 5 member ring opens up 
and created meso-porous medium that is required to facilitate gas transport. Based on the direct 
correlation of the findings presented and the actual membrane performance, it is logical to assume 
that structure analysis on the pyrolyzed powder truly reflects the transformation of aliphatic 
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Chapter 12 : Carbon Membrane derived from Interfacial Charged-
grafted Double Polymer Layers for Gas Separation 
 
Abstract 
 Conducting polymer has never studied extensively as a material for carbon membrane 
due to its strong chain association, low glass transition temperatures and low weight retention 
during high temperature 
treatment. A versatile 
chemical oxidative in-
situ polymerization 
involving no organic 
solvent has been purposed to explore the conversion of sp2 hybridzation carbon chains of 
conducting polymer to polycyclic aromatic hydrocarbon. This approach utilizes a water soluble 
polymer, poly(sodium 4-styrene sulfonate) (PSSH) with embedded initiator that functions as a 
backbone netting for the pending polymerization and was applied as a foundation layer on the 
macro-porous ceramic support. In-situ polymerization of n-methyl pyrrole (mPy), a typical type 
of conducting polymer was then initiated by dripping the monomer solution on the pre-casted 
polymer net. Carbonization of the asymmetrical membrane in argon results in formation of 
defect-free membrane and the effect of pyrolysis conditions on the carbon structural and its gas 
transportation phenomenon were investigated thoroughly. High performing molecular sieving 
carbon with selectivity of CO2/CH4 of 167 with permeability of CO2 of 7.19 barrel was achieved. 
In conclusion, this paper presents significant advances in developing conducting polymer as a 
new class of material for carbon membrane. 
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12.1 Introduction 
The quest for high performance membranes to achieve more effective gas separation has 
gathered pace over the past decades as the demand for cleaner energies and higher energy 
efficiencies continuously increases due to environmental concern and depletion of fossil fuels. 
[244, 258]. Although polymers have been extensively studied to prepare gas separation 
membranes by utilizing specific matrix-gas molecules interactions [259], the lack of adequate 
structural stability in harsh environments has limited their applications. Moreover, the 
performance of polymeric membrane seems to hit a plateau as suggested by the Robeson plots 
[260, 261]. Alternatively, inorganic membranes, e.g. zeolite membranes [246, 262], the mixed-
conducting ceramic membranes [263], and metallic membranes [264], have been touted as the 
ultimate membranes for endowing superior gas separation performances. It is however known 
that complex membrane fabrication techniques and the low permeability are the major barriers to 
realizing viable inorganic gas separation technologies. This reality has prompted the pursuit of 
new materials such as mixed matrix membrane [244, 265], metal-organic framework [266] and 
microporous silica membranes [267], aiming to integrate advantages of polymer and ceramic 
membranes but rid of their limitations. 
Carbon structures, possessing stable frameworks with tetrahedral and triangle 
hybridizations, can offer molecular sieving effect by using the pore channels with sizes from 3 to 
6 Å in these networks for gas separation [4, 12]. Such membranes are known to many as carbon 
molecular sieve membranes (CMSMs). The most direct route to synthesize CMSM is by 
pyrolysis of a polymeric precursor membrane, where thermosetting resin is often preferred. It is 
widely believed that a thermally stable polymer undergoes minimum extent of carbon-backbone 
restructuring during its pyrolysis course, which reduces the generation of irregular carbonaceous 
blocks and gaps amid them since they hinder generation of a defect-free carbon matrix. A detailed 
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review in the literature could lead to a conclusion that polyimide based polymer [4, 12, 91], 
phenolic resin [78] and polyfurfuryl alcohol [71, 250, 268] have been by far the popular choices 
as precursor for carbon membrane since they suffers just minimal weight lost even up to a 
temperature of 500 °C. It can be seen that the main chains of these polymers contain repeating π–
bond. This structural characteristic proposes that the conducting polymers, in particular those 
composed of heterocyclic rings such as polypyrrole and polyaniline, be pertinent precursor for 
carbon membrane because of their conjugated main chain and instant polymerization trait. 
Nevertheless, the conjugated polymer chains, driven by π-affinity, undergo strong association that 
leads to formation of domains. It is impossible, therefore, to fabricate a homogeneous carbon 
matrix starting from such a matrix comprising randomly packed domains. In chapter 9, this 
dilemma was overcome by attaching dodecylbenzene sulfonic acid (DBSA) chains to a part of 
monomer units of polypyrrole (PPy) chains. The resultant branched chain structure obstructed 
stacking of the rigid PPy main chains and this renders the DBSA-PPy solid soluble in a protonic 
aromatic organic solvent, such as cresol. The cast film was thus homogeneous and suitable for 
transforming to a continuous carbon matrix. Yet, there was a drawback with this route: it did not 
utilize the instant polymerization trait of Py as aforementioned to form a PPy film in-situ by 
polymerization on an inert substrate because the film consisted of domains. The in-situ formation 
of a polymer film directly from its monomer is attractive because it saves at least the coating step.         
In this chpater, we used poly(4-styrene sulfonic acid) (PSSA) coating as substrate for the 
development of a poly(N-methyl pyrrole) (PmPy) film through the in-situ polymerization. The 
hydrophilic PSSA matrix acts to lodge a water-soluble initiator for instigating the polymerization 
of mPy when a liquid film of mPy is applied onto the surface of PSSA layer. Selecting less 
reactive mPy instead of Py allowed for minimizing the formation of a domain matrix known as 
detrimental to the formation of a uniform carbon matrix. In addition, the PSSA matrix provides 
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plenty of pendent sulfonic acid group for the anchorage of the in-site generated PmPy through 
proton-exchange and ion-pairing. This led to a charged-grafted double layer (Fig. 12-1). It is 
apparent that no organic solvent was needed to obtain such a polymer precursor layer, which is a 
unique characteristic of this technique. Moreover, the presence of multiple grafting sites [ 
>N+(CH3)H ⋅ O-S(=O)2− ] between PmPy and PSSA layers ensures the structural integrity of the 
PmPy top coat through the course of carbonization. The PSSA layer underneath undertook a swift 
elimination of sulfonic acid groups in the temperature range of 250 – 400 °C, which produced a 
large amount of free-radical species and thereby resulted in a crosslinked polymer network. 
Simultaneously, the free radicals species also created chemical bonding with the overlying PmPy 
layer before PmPy start decomposing. Since the PSSA-inherited polymer network underneath is 
stable until 600 °C it could therefore buff against stress generated in the carbonizing PmPy layer. 
Consequently, the carbon membrane attained after calcination exhibited a uniform and dense 
matrix.  
 
Figure 12-1: Schematic of ideology of charged-grafted double layer 
 
Being developed on a flat and porous ceramic (i.e. yttrium-stabilized-zirconia, YSZ) 
substrate, the carbon membrane of a few microns thick was attained. The gas separation through 
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the carbon membrane manifested a mixed mass transfer mechanism including molecular sieving, 
surface diffusion and Knudsen diffusion. The carbonization conditions profoundly affected the 
carbon membrane structure characterized by the distribution of graphite crystalline domains, their 
boundary structures and concentration of oxy-functional groups. These microstructural attributes 
of carbon membrane could be tuned through a control over pyrolysis temperature, dwelling time 
and heating rate. High-performance molecular sieving carbon membrane with selectivity of 
CO2/CH4 of 167 with a permeability of 7.19 barrel for CO2 has been achieved at the optimal 
conditions. In conclusion, this work proposes an alternative synthesis strategy to carbon 
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12.2 Experimental  
12.2.1 Porous Ceramic Membrane with Intermediate Coating 
 
Figure 12-2: FESEM micrographs of (a) the surface of a macro-porous ceramic pellet without 
zirconium gel layer; (b) the surface of zirconium gel layer on a macro porous 
ceramic pellet, which the insect is the cross-sectional image. 
 
A porous YSZ pellet with high permeability and good mechanical properties were 
fabricated using the in-situ pore-forming technique describe in Chapter 6. An intermediate 
ceramic thin layer was then developed through sol-gel coating on one face of the YSZ pellet to 
reduce surface roughness and pore sizes (Fig. 12-2a). The sol-gel coating solution was formulated 
by the following mixing procedure: 5 ml zirconium (IV) butoxide in butanol (80 %, Aldrich) was 
diluted in 18.5 ml butanol (Aldrich). Then this solution was successively mixed with 0.334 ml 
acetyl acetone (Aldrich) and 15 ml of butanol. The resultant solution was blended with a pre-
prepared solution containing yttrium nitrate (0.239 g, Aldrich) in 15 ml butanol. In the last step, 
to the above formulated solution, 1.96 ml deionized water was slowly introduced in under 
vigorous agitation until a colloidal dispersion composed of ZrxY1-x(OH)y sol particles was formed.  
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A slip casting of the colloidal dispersion on the YSZ pellet followed by drying at 75 °C 
for 30 mins was repeated three times. The resulting sol-gel coated ceramic was heated in air to 
1100 °C at a rate of 5 °C/min and dwelled at this temperature for 2 hrs. After cooling down at the 
same rate, the second sol-gel coating was laid down and the final dwelling temperature set at 
1200 °C. The sol-gel coated pellet was then polished using P2500 C-Si grinding paper (Buehler) 
and micro-polishing clothes until the surface was smooth. The pellet cleaned with ethanol to 
remove the remaining fine powder after polishing. The cross-sectional image of the pellet 
(Fig. 12-2b) shows the densification role of the sol-gel coating.   
12.2.2 Formulation of PSSH solution for the development of polymer prime 
coat 
Poly(sodium 4-styrenesulfonate) sodium salt (PSSNa, Mw ~70,000g/mol, Aldrich, US), 
acidic ion exchange resin (AmberjetTM 1200 H ion-exchange resin, Aldrich, US), ammonium 
peroxodisulfate (APS, Merck, Germany) and cetyltrimethylammonium bromide (CTAB, Aldrich) 
were used to prepare three coating solutions. An aqueous solution of PSSNa (0.1 g /ml) was 
passed through a column filled with the Amberjet acidic ion exchange resin twice to complete ion 
exchange of Na+ with H+. Then the acidified polymer solution in which PSSNa was converted to 
poly(4-styrenesulfonic acid) (PSSH) obtained (~ 0.1 g PSSH/ ml H2O) was used to prepare the 
following three solutions: (i) PSSH-APS solution, 0.8 g APS was dissolved in 10-ml PSSA 
solution; (ii)  PSSH(Na)-APS solution, 0.3 ml PSSNa solution (0.1 g PSSNa / ml H2O) was 
mixed with 9.7 ml PSSH solution, and then 0.8 g APS was dissolved in the resultant solution; and 
(iii) PSSH-CTAB-APS solution, 0.18 g CTAB and 0.8 g APS were dissolved subsequently in a 
10 ml PSSH solution. In this solution, the molar ratio of the SSH monomer units of the polymer 
to CTAB was 10.  
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12.2.3 In-situ polymerization of mPy on the top of PSSA prime coat 
The pellet obtained from the procedure described in section 12.2.1 was spin coated first 
with PSSH-APS, followed by PSSH(Na)-APS, and ended with PSSH-CTAB-APS solution. Each 
solution was spun coated (100 rpm for 10s and followed by 1000 rpm for 30 s) three times and 
the resulting liquid film was dried at 75 °C before changing to the coating of another solution. A 
PSSH prime coat was thus developed. To this prime coat approximately 0.4-mL N-methylpyrrole 
(mPy, Aldrich, US) was dripped and left undisturbed for about 15 mins to allow for completing 
polymerization. The PmPy layer developed was then dried by flowing hot air. As a result, a 
PSSA-PmPy double layer was attained. Two more films of such double-layer coating were 
subsequently fabricated and a longer duration up to 1 hr was arranged to carry out the 
polymerization of mPy. To investigate the effect of CTAB, a control without including the 
surfactant into the PSSH prime coat.  
12.2.4 Conversion of the PSSA-PmPy double layer membrane to carbon 
membrane 
The YSZ pellet with the PSSH-PmPy membrane was placed in a tubular furnace and 
heated to the calcination temperature of interest in the range from 500 °C to 900 °C using heating 
rates varying from 1 to 7 °C/min. In addition, the dwell time at the highest temperature was 
varied from 0 hr to 6 hrs to examine the calcination effect on carbon membrane structure. The 
label CM_R×_×××_D× is used to denote a carbon membrane made by the use of heating rate 
(°C/min): R×, calcination (°C): ×××, and dwelling time: D (hr): D×, for instance CM_R1_600_D2 
specifies the heating rate of 1 °C/min and calcination at 600 °C for 2 hrs. Regarding the control 
sample that was prepared by using no CTAB, the label CMc_R×_×××_D× will be used.             
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12.2.5 Characterizations of structures and gas-permeation performances 
 The change in the glass transition behavior of the PSSA polymer, used to form the prime 
coat, because of the inclusion of different types of cations into the PSSA matrix was scrutinized 
by scanning calorimeter (DSC, Modulated DSC 2910, TA instrument, US) using a heat rate of 
5 °C/min. In addition, the thermal degradation profiles of the PmPy topcoat and the double-layer 
polymer precursor membrane were obtained from thermogravimetric analysis (TGA, DTG-
60AH, Shimadzu, Singapore) using a heating rate of 3 °C/min under N2 purge.    
 The changes in microstructure from the polymer coatings through carbon membrane were 
examined on a field-emission scanning electron microscope (FESEM, JEOL, JSM-6700F, Japan). 
The YSZ pellet-supported carbon membrane was cut orthogonally using a diamond saw to 
produce a cross section. In addition, the carbon membrane structure was examined on a 
transmission electron microscope (TEM, JEOL 2000FXII, Japan). A small piece of carbon 
membrane was carefully peeled off using a surgical knife and placed in ethanol. After vigorous 
dispersing in a bath sonicator for 20 mins, the suspension was allowed to stand for another 
15 mins to ensure that the settling of heavier carbon flakes. A few drops of the supernatant liquid 
containing very thin and tiny carbon flakes were transferred to a TEM copper grid by dripping 
and drying.  
The gas performance of the membrane was examined using the gas permeation test setup 
described in Chapter 9, Section 9.2.3. Equations 9-1 and 9-2 were used to calculate the pure gas 
permeability coefficients and the ideal gas selectivity.  
X-ray photoelectron spectroscopy (XPS) was employed to examine nature of the 
elements of the carbon membrane. The test was performed on a spectrometer (Kratos Axis His 
System, Kratos Analytical Ltd, England) with X-ray source (1486.6 eV photons). The X-ray 
power supply was run at 15 kV (anode voltage) and 10 mA (anode current). The carbon 
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membranes were mounted on the standard sample holder using a double-side adhesive tape. All 
core-level spectra were referred to the C1s neutral carbon peak at 284.5 eV and curve-fitted by 




Interfacial Charged Double Polymer Layers Approach 
281 | P a g e  
 
12.3  Results and Discussion 
12.3.1 Proceeding with PSSH as a multiple-site doping substrate for the 
formation of PmPy film    
The strong inter-chain affinity of poly (n-methyl pyrrole) (PmPy) results in an 
unprocessable polymer as it is insoluble in organic solvent. Chemists have introduced bulky 
groups to the polymer chain to decrease the strong interaction; however, the presence of methyl 
group in PmPy makes this option unfeasible. Hence, conducting direct polymerization on the 
ceramic substrate presents the best opportunity of obtaining a defect free asymmetric layer.  
As seen from previous study [269], the in-situ polymerization of pyrrole results in a 
carbon layer filled with defects. The primary cause of this can be traced down to the inadequate 
anchoring of initiator to the ceramic substrate, relying on only Van der Waal’s forces to hold the 
initiator in place. This causes polymerization to occur in a radical fashion without good affiliation 
to the ceramic and hence, the formation of defects during carbonization as observed.  
The key to success is to lay a strong foundation for the in-situ polymerization and this 
implies achieving a uniform distribution of initiators and anchoring these initiators on the surface 
of the ceramic support. In this study, we introduced poly (sodium-4-styrene sulfonate) (PSS) as a 
template for the anchorage of APS initiator. PSS definitely fits the bill due to its high solubility in 
water and ability to disperse the APS particles into the solution. Water is chosen as the solvent 
primarily because it has higher surface energy compared to other organic solvents. This would 
help in retaining the coated solution on top of porous ceramic substrate that would otherwise slip 
into the macropores of the substrate. As such, a thin uniform layer of PSS coating can be 
achieved on top of ceramic substrate with minimum defects that have adverse impacts on carbon 
membrane formation. Furthermore, this polymer-wrapping mechanism ensures that APS particles 
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are strongly bonded to the template. In fact, PSS has been frequently exploited in dispersing 
carbon nano-tubes [270, 271] and hence, it is logical to employ PSS as a template. A little known 
fact is that PSS is known to produce micropore carbon with pore sizes in the range of 0.38-0.6 nm 
[272]. Such micro-pore channels can provide pathway for the gas molecules to access to the 
graphene carbon domains created by the pyrolyzed PmPy, which otherwise will be difficult to be 
reached. A mixture of pore configuration or commonly known as hierarchy porosity is desired in 
attaining both high flux and separation simultaneously. Figure 12-3 shows a graphical 
visualization of the transport mechanisms offer by the hierarchy porosity.   
 
Figure 12-3: Schematic of hierarchy porosity purposed in the pyrolyzed membrane – micro-





Interfacial Charged Double Polymer Layers Approach 
283 | P a g e  
 
 
Figure 12-4: DSC curves for the polymeric casting solution using a heating rate of 5 °C/min. 
 
Shifting our focus now to the coating procedure, the first layer applied consists of PSSH 
blended with APS initiator. Thermodynamically, PSSH would like to assume a coil-like shape. 
Even when dissolve in the solvent, PSSH would not be fully extended as a long duration and 
energy input is needed. This is supported from the heat flow observed from the DSC for PSSH 
(Fig. 12-4). Heat was absorbed at around 70 °C which corresponds to the absorption of energy for 
uncoiling and straightening of polymer chain. The not-so-fully extended PSS would be able to 
cover the surface pores, especially those in the macro-sized range (as observed in Fig. 12-2). This 
is advantageous to asymmetric membrane design whereby two different materials with distinctive 
pore sizes often results in defects of the functional layer. Filling the surface pores with PSS serves 
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to decrease the mismatch between functional layer and the substrate as seen in Figure 12-5a. The 
presence of larger molecules APS resulted in slightly extended polymer chain as observed in the 
decrease of the energy needed during the DSC analysis. The drying was carried out at 75 – 80 °C 
to fully extend the polymer chain such that a denser and more compact layer can be obtained to 
facilitate the formation of a dense carbon membrane during pyrolysis. 
 
Figure 12-5: FESEM micrographs of the surface morphology of the polymeric membrane on the 
ceramic support (a) after the first coating using PSSH-APS solution, (b) after the 
second coating using PSSH(Na)-APS solution, (c) after the third coating using 
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12.3.2 CTAB as a surfactant to aid membrane fabrication 
 
Figure 12-6: DSC curves for the polymeric coated ceramic using a heating rate of 5 °C/min. 
 
The next layer of coating was PSSH(Na) solution where a minute amount of Na+ ions 
was deliberately introduced to the membrane. This layer further covers up remaining bigger 
defects that might exist after the first layer coating and more importantly, it contains PSS in its 
sodium salt form for the anchorage of the third layer which is to be coated on it. The final coating 
used comprises of PSSH mixed with CTAB. One would have expected the presence of CTAB to 
cause the PSSH to resume a much more extended conformation than just PSS alone. However, 
thermal scan from the DSC (Fig. 12-4) shows otherwise. This can be pinpointed to the fact that 
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CTAB itself is a long chain molecule and hence, its tendency to assumed a more compact 
configuration. Energy is thus needed to increase the chain mobility and the ability to extend its 
chain. Moreover, the presence of CTAB acts as a surfactant to decrease the surface energy. This, 
coupled with the more extended conformation of PSS allows a better spread of the polymer 
coating, which is essential in achieving a dense layer of polymer coating. After coating of the 
third layer, the CTAB presence in the third layer will interact with the PSSH(Na) in a salt 
exchange reaction. This is concluded from the thermal curves of the DSC analysis for the 
polymeric coating, which shows an endothermic curve from 50 °C to 100 °C (Fig. 12-6). 
Hypothetically, the presence of CTAB would result in a denser and more homogeneous carbon 
layer, which was the case as seen by the performance and the micrograph observations in the next 
section. It is noted that the reaction between PSSH and CTAB is not possible due to the much 
higher pKa value of the product, HBr (pKa of HBr = -9) than the reactant, PSSH (pKa of PSSH ~ 
-2.8). Consequently, polymer chain of CTAB and PSSH of the third layer will exist as 
intertwining polymer.  
Chapter 12 
Interfacial Charged Double Polymer Layers Approach 
287 | P a g e  
 
12.3.3 Evolution of PmPy layer to high performing carbon membrane  
12.3.3.1 Transition from mPy to polymeric layer to carbon membrane 
 
 Figure 12-7: FESEM micrograph of the surface after in-situ polymerization.  
mPy was then introduced onto the surface. Firstly, noticed that mPy is small in size for it 
is only consists of a five membered ring structure with a methyl side chain attached to nitrogen in 
the ring. Coupled with its low surface energy, it would therefore pack itself into the interstitial 
space of the PSS coatings. Furthermore, longer time to reach completion of polymerization of 
mPy provides enough time for mPy to fill in the interstitial space. This resulted in a more uniform 
polymerization regardless in axial or radial direction, which is critical in the formation of a 
uniform dense carbon membrane. Figure 12-7 shows a very dense membrane obtained on the 
surface upon completion of the polymerization, which is expected from the above discussion. 
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Figure 12-8: Thermogram of the PmPy and polymeric coating of PmPy with CTAB on the porous 
ceramic as a function of temperature in an inert environment (Heating rate of 
10 °C/min for PmPy and 3 °C/min for polymeric coating, Nitrogen flow of 
100ml/min) 
The structural transition of mPy to carbon is paramount to every carbon membrane 
fabrication; hence it is important to establish the temperature required to achieve carbon 
membrane. Figure 12-8 shows the weight loss of PmPy and the coated polymeric membrane 
PmPy with CTAB as a function of temperature in an inert environment. Clearly, PmPy is not a 
thermosetting polymer as it is only able to retain about 25 % of its weight at 500 °C. After 
500 °C, there was negligible weight loss of the polymer. Hence, the lower limit of the pyrolysis 
temperature was set at 500 °C. To verify this temperature range, we conducted another thermal 
analysis on the actual polymeric coating done on the ceramic substrate by the method described 
in this paper. A similar profile was obtained with the exception the polymeric coating suffers 
negligible weight lost at about 450 °C. This can be attributed the more aligned polymer chain on 
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the ceramic due to the presence of CTAB and the coating technique. The more straighten polymer 
chain is thus inclined to decompose at a lower temperature.          
FESEM images show that dense defect free carbon membranes were obtained for the 
range of pyrolysis temperature tested, i.e. 500 °C to 900 °C. In addition, ethanol was not able to 
penetrate the membrane. In this section, we will discuss the importance of adding CTAB as an 
anchorage to achieve denser membrane, and also examined the crucial conditions that are known 
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12.3.3.2 Critical role of CTAB in tightening chain interaction to achieve 
molecular sieving membrane  
 
Figure 12-9: FESEM micrographs of carbon membrane pyrolyzed at 600 °C, heating rate at 
3 °C/min, dwelling time of 2 hrs. (a) without CTAB (b) with CTAB (c) Schematic 
showing the effect of the CTAB on the PSSH polymer chains.   
 
To consider the effect of CTAB on the carbon membrane fabrication, a control group of 
carbon membranes were fabricated without addition of CTAB at two pyrolysis temperature of 
600 °C and 700 °C at a heating rate of 3 °C/min and thermal soak time of 2 hrs. Figure 12-9 
shows the FESEM images comparing these two groups of carbon membranes while Table 12-1 
shows the gas permeability and separation performances of the carbon membranes respectively.  
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Table 12-1: Tabulation of permeability and selectivity of carbon membrane derived from mPy 







H2 CO2 O2 N2 CH4 
CMC_R3_600_D2 6.01 33.05 5.89 6.79 4.53 5.35 
CM_R3_600_D2 5.66 18.73 7.19 0.78 0.46 0.043 
CMC_R3_700_D2 4.02 46.18 32.61 12.64 12.23 19.16 








 O2/N2 N2/CH4 H2/N2 CO2/CH4 H2/CO2 
CMC_R3_600_D2 6.01  1.50 0.85 7.29 1.10 5.61 
CM_R3_600_D2 5.66  1.70 10.66 40.80 167.07 2.60 
CMC_R3_700_D2 4.02  1.03 0.64 3.78 1.70 1.42 
CM_R3_700_D2 2.56  2.79 1.06 26.04 19.25 1.43 
 
 
Figure 12-10: TEM micrographs of the carbon membrane with and without CTAB. 
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The higher gas permeability exhibited by CMC_R3_600_D2 and CMC_R3_700_D2 when 
compared to CM_R3_600_D2 and CM_R3_700_D2 confirmed the previous hypothesis that 
CTAB tightens the polymer chain interaction. The ideal gas selectivity of CMC_R3_600_D2 and 
CMC_R3_700_D2 reveals that the transport mechanism hovers between that of surface selective 
flow (SSF) and Knudsen diffusion flow since the permeability of gases did not negatively 
correlate to the molecular size. Hence, the dominant pore size can be assumed to be between 5 Å 
to 10 Å. On the other hand, the addition of CTAB to the membrane fabrication process resulted in 
molecular sieving carbon membrane as established from the decrease in permeability with kinetic 
diameter of the gases. The thinner thickness of the pyrolyzed membranes with the addition of 
CTAB further provides evidence that denser carbon membranes are resulted. In addition, the 
TEM micrographs of the carbon in Figure 12-10 reveal a denser crystallinity for the membrane 
that included CTAB to the polymeric coating solution.              
12.3.3.3 Effect of pyrolysis temperature 
 
 Figure 12-11: FESEM micrographs of carbon membrane pyrolyzed at different temperatures at 
a heating rate of 3 °C/min and dwelling time of 2 hrs (a-b) 600 °C, (c) 700 °C 
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Figure 12-12: Gas transportation phenomenon for carbon membrane pyrolyzed at different 
temperature (a) Permeability of gases against pyrolysis temperature (b) 
Permeability of gases against the molecular sizes of the gases. 
 
Figure 12-11 shows the FESEM micrographs of the carbon membranes while Figure 12-
12 shows the permeability of carbon membrane with kinetic diameter of the gas permeated 
fabricated at different temperature using the same heating rate and thermal soaking time. 
Table 12-3 tabulates the permeation and the ideal gas selectivity achieved for different pyrolysis 
temperatures.  
A general trend concerning the permeability with pyrolysis temperature can be observed 
(Fig. 12-12a). The permeability decreases from 500 °C to 800 °C before increasing sharply at 
900 °C. This is logical as the increase in temperature causes the carbon structure to assume a 
more compact nature akin to that of the graphene structure, which resulted in a decrease of 
porosity and hence, the decrease in permeability. The decrease in thickness of the membrane with 
increasing temperature (Table 12-2) coupled with the negligible weight lost after 500 °C (TGA, 
Fig. 12-8) offers conclusive information that indeed a denser membrane was obtained at higher 
pyrolysis temperature. However, at 900 °C, the permeability increased due to work of thermal 
stress as the size of the graphene domains grew. The adjacent carbon chains that connect the 
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domains are most likely to break down, increasing the micro-porosity of the membrane. Taking 
into the consideration that the membrane is very thin at this pyrolysis temperature, defects in the 
micro-range thus resulted in the increased in permeability.       
 
Table 12-2: Tabulation of permeability and selectivity of carbon membrane derived from mPy for 








H2 CO2 O2 N2 CH4 
CM_R3_500_D2 6.43 1955.20 521.93 565.40 926.76 1048.40 
CM_R3_550_D2 6.25 492.40 111.58 168.18 72.04 339.15 
CM_R3_600_D2 5.66 18.73 7.19 0.782 0.459 0.043 
CM_R3_700_D2 2.56 0.773 0.539 0.083 0.030 0.028 
CM_R3_800_D2 0.97 0.113 0.046 0.026 0.021 0.017 








 O2/N2 N2/CH4 H2/N2 CO2/CH4 H2/CO2 
CM_R3_500_D2 6.43  0.610 0.884 2.11 0.50 3.75 
CM_R3_550_D2 6.25  2.34 0.212 6.84 0.329 4.41 
CM_R3_600_D2 5.66  1.70 10.66 40.80 167.07 2.60 
CM_R3_700_D2 2.56  2.79 1.06 26.04 19.25 1.43 
CM_R3_800_D2 0.97  1.24 1.19 5.50 2.67 2.45 
CM_R3_900_D2 0.97  2.85 0.193 9.40 0.456 3.99 
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By looking at each membrane individually, it can be noticed that carbon membrane 
pyrolyzed at 600 - 800 °C showed molecular sieving property since the permeability decreased 
with increasing permeability. Carbon membrane carbonized at 500 °C however, showed a 
mixture of Knudsen diffusion and viscous flow property since permeability of gases from fastest 
to slowest followed the molecular weight of the gases but the selectivity is even lower compared 
to ideal Knudsen diffusion flow. Further, membrane carbonized at 900 °C and 550 °C shows 
trend that does not belong to both Knudsen diffusion and molecular sieve membrane. 
Permeability of O2 is around 2-3 times faster than N2 yet CH4 and CO2 both shows relatively high 
permeability. Therefore these two membranes were believed to be selective surface flow (SSF) 
carbon membranes. 
Selectivity of the membrane has to be determined since it is one of the key performance 
indicators of the membrane. Table 12-2 showed the selectivity of different gas pair which 
includes αO2/N2, α N2/CH4, α H2/N2, α CO2/CH4, α H2/CH4.  Theoretical ideal separation factor results from 
Knudsen diffusion is also showed in the figure as a reference. In Figure 12-11, noticed that 
pyrolysis temperature range of 600 °C - 800 °C had a decreasing selectivity trend in H2/N2, 
H2/CH4 and N2/CH4 with similar selectivity of O2/N2 and H2/CO2. This phenomenon supports the 
idea that CM_R3_600_D2 was more porous yet have smaller pore diameter and vice versa for 
CM_R3_800_D2. At 900 °C, the selectivity of the carbon membrane resembles the carbon 
membrane at 550 °C which was believed to be a surface selective flow membrane since their 
selectivity was deviated away from the theoretical value. The pore size range of an SSF carbon 
membrane is usually at a size of 5-7 Å, which indicated that the pore size increased as compared 
to 3-5 Å in the case of molecular sieve.   
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TEM was employed to investigate the crystalline structure of the carbon membrane 
fabricated from 600 °C to 900 °C (Figure 12-13). The crystallinity suggests the formation of 
graphene layers which is crucial in providing small pore size distribution as well as good sieving 
mechanism. The presence of carbon crystal lattice in the carbon membranes also ascertained that 
the pyrrole ring structure was indeed aided in the formation of turbostratic carbon through 
convenient conversion of the ring into PAHs. At 600 °C, the crystallinity of the images seems to 
suggest that it was denser. As the temperature increased, the structure became more ordered and 
the spacing increased. This microscopic feature contributed to the increased permeability of the 
carbon matrix.  
 
Figure 12-13: TEM micrographs of carbon membrane derived from PmPy for different pyrolysis 
temperature.   
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12.3.3.4 Effect of pyrolysis rate 
 
 Figure 12-14: FESEM micrographs of carbon membrane pyrolyzed at different heating rate at a 
pyrolysis temperature of 600 °C and dwelling time of 2 hrs. 
 
 
 Figure 12-15: Gas transportation phenomenon for carbon membrane pyrolyzed at different 
heating rate at a pyrolysis temperature of 600 °C and dwelling time of 2 hrs. (a) 
Permeability of gases against heating rate. (b) Permeability of gases against the 
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Table 12-3: Tabulation of permeability and selectivity of carbon membrane derived from mPy for 







H2 CO2 O2 N2 CH4 
CM_R1_600_D2 4.18 1.72 0.59 0.439 0.429 0.550 
CM_R3_600_D2 5.66 18.73 7.19 0.782 0.459 0.043 
CM_R5_600_D2 5.60 4.11 1.03 0.272 0.083 0.024 







 O2/N2 N2/CH4 H2/N2 CO2/CH4 H2/CO2 
CM_R1_600_D2 4.18  1.02 0.781 4.00 1.08 2.91 
CM_R3_600_D2 5.66  1.70 10.66 40.80 167.07 2.60 
CM_R5_600_D2 5.60  3.27 3.40 49.43 41.93 4.00 
CM_R7_600_D2 6.64  1.27 0.779 7.45 1.84 3.16 
 
Slower heating rate tends to enhance the performance of carbon membrane formed during 
pyrolysis because temperature increased slowly allows better orientation of the structure. On the 
contrary, higher heating rate might hurt the performance of membrane because it causes pinholes, 
micro-cracking, and other defects. We would now focus on effect of heating rate on the carbon 
membrane formed under different heating rate at 600 °C because molecular sieve membrane was 
successfully prepared at this pyrolysis temperature  
Figure 12-14 shows the micrographs of the carbon membrane synthesized at different 
heating rates at pyrolysis temperature of 600 °C while Figure 12-15 shows the effect of heating 
Chapter 12 
Interfacial Charged Double Polymer Layers Approach 
299 | P a g e  
 
rate on permeability. Table 12-3 tabulates the effect of heating rate on selectivity. Firstly two 
molecular sieve carbon membranes, which were CM_R3_600_D2 and CM_R5_600_D2, were 
achieved. CM_R1_600_D2 and CM_R7_600_D2, on the other hand, had faster permeability of 
CO2 than both O2 and N2 and faster permeability of CH4 than both O2 and N2. As a result, they 
were categorized as SSF membrane.  
Literature points out that lower heating rates result in better carbon membrane. However, 
it is necessary to understand that most literatures utilized thermosetting polymeric precursors 
because they offer rigid structure that does not melt nor change shape during carbonization. 
PmPy, quite the reverse, is not a thermoset and subjects to melting when heated. Pores formed 
from gaseous leaving groups during pyrolysis were therefore harder to form in melting state 
which liquid has more freedom in reorientation of the structure. This would result in membrane 
with low porosity and reduced permeability. Slow heating rate resulted in longer melting state of 
the structure and thus reduced permeability of the membrane. Furthermore, longer pyrolysis time 
that is necessary to end carbonizing the membrane would hurt the membrane by forming larger 
pores as a result from prolonged exposure of thermal stress.  
For CM_R1_600_D2, relatively less permeable membrane with low selectivity for the 
gas pair as shown in Figure 12-15 was observed.  The reason for the low permeability was 
attributed to slow heating rate that caused persistent melting state structure that reduced porosity 
yet escalated the possibility of formation cracks. In contrast, membrane pyrolyzed at 600 °C with 
heating rates of 3 °C/min and 5 °C/min achieved molecular sieve property. However, 
permeability of all pure gases tested showed that CM_R3_600_D2 has higher permeability than 
CM_R5_600_D2. This could be explained by the pore sizes of the membrane. Lower heating 
rate, as explained earlier, increase the possibility of the formation of larger pores. Therefore 
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CM_R3_600_D2 had a higher permeability than CM_R5_600_D2. On selectivity wise, both 
membranes have similar performance but higher permeability is a plus and thus CM_R3_600_D2 
was determined to be the best performing membrane. Increasing the rate further to 7 °C/min was 
detrimental to molecular sieve membrane formation as porous, more permeable, with larger pores 
were observed. 
12.3.3.5 Effect of soak time 
 
Figure 12-16: FESEM micrographs of carbon membrane pyrolyzed at different dwelling time at 
a pyrolysis temperature of 600 °C and heating rate of 3 °C/min. 
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Figure 12-17: Gas transportation phenomenon for carbon membrane pyrolyzed at different 
dwelling time at a pyrolysis temperature of 600 °C and heating rate of 3 °C/min. 
(a) Permeability of gases against dwelling time. (b) Permeability of gases against 
the molecular sizes of the gases. 
 
Table 12-4: Tabulation of permeability and selectivity of carbon membrane derived from mPy for 
the analysis of various dwelling time (pyrolysis temperature of 600 °C and heating 





H2 CO2 O2 N2 CH4 
CM_R3_600_D0 3.62 271.55 82.28 81.30 89.38 121.64 
CM_R3_600_D2 5.66 18.73 7.19 0.782 0.459 0.043 
CM_R3_600_D4 5.51 12.08 5.35 4.10 4.31 6.55 






O2/N2 N2/CH4 H2/N2 CO2/CH4 H2/CO2 
CM_R3_600_D0 3.62 0.910 0.735 3.04 0.676 3.30 
CM_R3_600_D2 5.66 1.70 10.66 40.80 167.07 2.60 
CM_R3_600_D4 5.51 0.953 0.657 2.81 0.817 2.26 
CM_R3_600_D6 6.52 0.855 0.690 2.20 0.685 2.21 
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Thermal soak time is believed to mainly influence the micro-structural rearrangement 
during pyrolysis, thus affecting the pore size distribution and bulk porosity. Longer thermal soak 
time tends to promote the formation of smaller pores, which reduces permeability but increases 
selectivity as it allows more time for stacking of graphene layers.  
Figure 12-16 shows the micrographs of the dense membranes obtained from carbonizing 
PmPy membrane under different soaking thermal time. Similar to the study carried out on heating 
rate, the membrane thickness of the membranes fabricated at different soaking time were similar; 
hence, concluding that membrane thickness was primarily influenced by temperature.   
Shifting our focus to the transport phenomenon of the membrane, Figure 12-17 shows the 
permeability of the four carbon membranes pyrolyzed at 600 °C with four different thermal soak 
time which were no soaking time, 2, 4, and 6 hrs respectively. An increase in soak time from 0 to 
2 hrs did result in a decrease in permeability. This is due to the rearrangement of carbon and 
formation of microscopic graphene layer. This result in an overall decrease in porosity and thus, 
gas molecules are forced to diffuse through the small pore available, hence the shift of 
mechanism to molecular sieving. However, further increase in soak time from 2 hrs to 4 hrs result 
in increased permeability for CH4 while a slight decrease in H2 and CO2. Thermodynamically, the 
carbon structure will continually evolve to assume a more crystalline carbon, which results in the 
decrease in localized porosity. Hence, the slight decrease in smaller gas molecules. However, this 
brings about thermal stress on the carbon chains that connecting the islands of crystallinity carbon 
as these islands starts to grow in size. This brings about increase in macro-porosity, translating 
the gas transportation mechanism to that of Knudsen diffusion. This phenomenon was more 
obvious when there was a drastic increase in permeability of throughout the gas examined due to 
increase in defects in the membrane. The increase in membrane thickness supports the argument 
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that thermal stress results in expansion of the membrane matrix. Contrary to belief, there is an 
optimal in soak time to balance the two opposing forces – the thermal stress due to the increase in 
size of the islands of crystalline carbon and the increase in crystalline carbon.  
12.3.4 Surface analysis of NMP derived carbon membrane 
In order to understand the chemical bonding and to check on the involvement of nitrogen 
in the formation of carbon membrane, XPS analysis was employed to check on the surface 
chemical structure of the carbon membrane.  
Firstly, the deconvolution of high resolution C1s peak of XPS (Figure 12-18) could be 
used to show the percentage of different bonding of carbon that was present in the carbon 
membrane (Table 12-5). A high percentage of C-C bonding in aromatic or in aliphatic carbon 
could be observed (284.6 eV). Other than that, pyridine/ pyrrole C=N-C1 structure or C-O-R 
[159] (285.9-286.1 eV) structure could be observed as well. The oxidation of carbon membranes 
are also observed given the presence of carbonyl (287.6eV) and carboxyl group (288.1-289.1eV) 
[159] peak in XPS analysis. This could be due to the small amount of oxygen (< 2ppm) that was 
present in the purified argon, adsorbed oxygen on the polymer coating, or the oxygen in PSS. 
For nitrogen, the deconvolution is more complicated. There are five deconvolutions 
available, which are (i) 398.09 – 398.6 eV: for neutral imines [273]; (ii) 399.4 ± 0.3 eV: neutral 
amines [256]; (iii) 400.29 – 401.09: charged N in pyrrole and pyridone; (iii) 401.2 ± 0.3 eV for 
quartenary ammonium; (iv) 403.50 – 405.34 eV: oxidized nitrogen; and (v) 405.21 – 407.83 eV : 
adsorbed nitrogen. The high resolution N1s peaks are shown in Figure 12-19 below while the 
percentages of N that involve in different boding are shown in Table 12-6.  
                                                          
1 NIST X-ray Photoelectron Spectroscopy Database [Online]. Available: http://srdata.nist.gov/xps/ 
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Table 12-5: Percentage of each region determined by XPS studies of C1s of PmPy derived carbon 
membrane 
Membrane 
 Binding Energy (eV) 
 
284.6 286.1 287.6 288.1-289.1 
Cal,ar COR C=O COOR 
Effect of pyrolysis temperature 
CM_R3_500_D2  88.75% 5.03% 2.01% 4.22% 
CM_R3_550_D2  70.98% 14.53% 7.50% 6.98% 
CM_R3_600_D2  87.44% 6.22% 1.76% 4.58% 
CM_R3_700_D2  83.62% 6.18% 4.96% 5.24% 
CM_R3_800_D2  91.10% 3.72% 1.50% 3.68% 
CM_R3_900_D2  89.23% 4.75% 2.36% 3.66% 
Effect of heating rate 
CM_R1_600_D2  84.81% 8.46% 0.00% 6.73% 
CM_R3_600_D2  87.44% 6.22% 1.76% 4.58% 
CM_R5_600_D2  86.93% 5.85% 0.00% 5.11% 
CM_R7_600_D2  89.14% 5.74% 0.00% 5.11% 
Effect of dwelling time 
CM_R3_600_D0  90.60% 3.38% 1.23% 4.79% 
CM_R3_600_D2  87.44% 6.22% 1.76% 4.58% 
CM_R3_600_D4  91.84% 0.00% 5.03% 3.13% 
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399.7 400.3 401.2 403.5 405-407 
Effect of pyrolysis temperature   
CM_R3_500_D2  25.66% 61.32% 0.00% 8.90% 4.11% 0.00% 
CM_R3_550_D2  24.84% 24.95% 0.00% 25.04% 25.16% 0.00% 
CM_R3_600_D2  21.61% 63.35% 0.00% 8.08% 6.95% 0.00% 
CM_R3_700_D2  33.03% 18.34% 31.55% 0.00% 5.23% 9.82% 
CM_R3_800_D2  15.31% 49.09% 0.00% 15.31% 12.75% 7.52% 
CM_R3_900_D2  21.22% 54.54% 0.00% 10.63% 6.09% 7.51% 
Effect of heating rate   
CM_R1_600_D2  9.50% 46.44% 0.00% 11.44% 6.16% 4.43% 
CM_R3_600_D2  0.00% 63.35% 0.00% 8.08% 6.95% 0.00% 
CM_R5_600_D2  0.00% 47.26% 0.00% 6.96% 7.47% 5.67% 
CM_R7_600_D2  0.00% 46.03% 0.00% 7.96% 5.16% 4.51% 
Effect of dwelling time   
CM_R3_600_D0  0.00% 39.91% 2.44% 9.83% 8.14% 5.31% 
CM_R3_600_D2  0.00% 63.35% 0.00% 8.08% 6.95% 0.00% 
CM_R3_600_D4  0.00% 15.95% 0.00% 8.77% 4.10% 2.94% 
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From Table 12-6, it can be concluded that nitrogen atoms participate in the formation of 
polycyclic aromatic hydrocarbon. High percentage of imine and neutral amine has been observed. 
This fits the observation that C=N-C structure that was present in carbon structure. 
CM_R3_550_D2 and CM_R3_700_D2 both have different trends as compared to other 
membrane in both carbon and nitrogen bonding. The reliability of the results was thus questioned 
and most likely the surface was contaminated since XPS test was schedule after gas permeation 
test. Adsorptive nature of carbon might have caused them to pick up contaminant such as 
propanol, which is used for cleaning of XPS holder, or ethanol, which is used as a first indicator 
of the pore size of the membrane.  
Also, the carbon to nitrogen ratio was calculated to be 100: 1.4 - 3.5, which was taken as 
the ratio of area under the curve of carbon peak to the area under the curve of nitrogen peak. As 
compared to the 5C: 1N ratio in N-methylpyrrole, this ratio was relatively low. However this was 
not unexpected; weight loss profile from TGA revealed that the polymerization happened mostly 
on top of the PSS coating, which essentially wrapped up the initiators. As a result the C: N ratio 
should be much lower than 10C:1N, for each repeating unit of PSS consists of 8 carbons and 
CTAB are mainly hydrocarbon chain as well. As such, N involvement in carbon membrane 
formation was significant. 
 
12.4 Conclusions 
 A versatile chemical oxidative in-situ polymerization has been purposed to explore the 
conversion of sp2 hybridzation carbon chains of conducting polymer to polycyclic aromatic 
hydrocarbon. Water soluble polymer, PSS with embedded initiator was applied as a foundation 
layer and served two functions: (1) It offer active side for the polymerization of conducting 
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polymer to be initiated due to the embedded initiator and hence, forming long chain of polymer 
across the PSS during the reaction. (2) It provides backbone nettings during the course of 
carbonization of conducting polymer. This aids to relieve the domainization effect, which is 
detrimental in achieving defect-free membrane. In-situ polymerization of mPy, a typical type of 
conducting polymer was initiated by dripping the monomer solution on the pre-casted polymer 
net. Carbonization of the asymmetrical membrane in argon results in formation of defect-free 
membrane and the effect of pyrolysis conditions on the carbon structural and its gas 
transportation phenomenon were investigated thoroughly. High performing molecular sieving 
carbon with selectivity of CO2/CH4 of 167 with permeability of CO2 of 7.19 barrel was achieved 
and a comparison with carbon membrane obtained from commercially available polyimide 
showed comparable figures (Table 12-7). In conclusion, this paper presents significant advances 
in developing conducting polymer as a new class of material for carbon membrane and the 
absence of organic solvent during membrane fabrication.       






Permeability (Barrer)  Selectivity 
Ref. 
PO2 PCO2 PN2 PCH4  O2/N2 N2/CH4 CO2/CH4 CO2/N2 
Kapton 950 1.57 7.79 0.084 -  18.7 - - 92.7 [76] 
Kapton 600 383 1820 81.6 -  4.7 - - 22.2 
[77] Kapton 800 34.8 128 3.04   11.5 - - 42.2 
Kapton 1000 0.96 4.15 0.04 -  23.4 - - 101 
Matrimid 650 6 10 2.22 1.82  2.6 1.22 5.5 4.5 
[73] 
Matrimid 450 1 2.5 0.17 0.17  5.9 1 15 15 
PmPy 600 0.78 7.19 0.46 0.043  1.7 10.66 167.07 15.63 [This work] 
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Chapter 13 : Conclusions and Recommendations 
 
13.1  Conclusions  
The theme of this thesis is to provide design philosophies and fabrication techniques to 
create porous architecture in ceramic and carbon media that is useful for separation (both gas and 
liquid phase), filters, substrate support (for catalyst or thin film functional coating) and mixing 
enhancement (for polymeric mixing). The first chapter provides an overview of porous media and 
the motivation for such research. The subsequent two chapters give a background review and 
some fundamentals concerning the area of research: porous ceramic (Chapter 2) and carbon 
membrane (Chapter 3).      
A new pore forming technique in ceramic processing, which improves the connectivity of 
the pore channels as well as the distribution of pore channels over an object, via in-situ solid state 
polymerization in the green body was presented in Chapter 4 to 6. The idea was first verified in 
Chapter 4 by using the in-situ solid-state polymerization of acrylamide. A control amount of 
acrylamide and its polymerization initiator were incorporated into a green YSZ pellet by wet 
chemistry means, which assures a uniform distribution of acrylamide throughout the pellet. The 
embedded acrylamide was subsequently subjected to thermal-induced polymerization, which led 
to in-situ formation of polymer chains. According to DSC analysis, the presence of a continuous 
phase consisting of PVB and additives in the compressed pellet of YSZ powder greatly affected 
the free radical polymerization of acrylamide distributed in the pellet. Furthermore, the high dose 
of initiator and the extension of polymerization time were found to be detrimental to the porosity 
of a sintered YSZ pellet and air flux through it. From the mechanical strength and gas 
permeability tests, it has been confirmed that, relying on this new pore-forming method, one 
could accomplish more highly connective and uniformly distributed pore channels in the sintered 
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YSZ pellet, as compared to the traditional methods such as using starch as pore former, without 
the sacrifice of mechanical properties.  
Since selection of monomer type and size have an influence on tailored pore size and 
distribution of the sintered ceramics, another in-situ polymerization system was studied in 
Chapter 5. YSZ ceramic pellets with interconnected porous network were prepared by using in-
situ generated nano-nylon PPTA rods as pore former. This pore-forming technique relies on 
undertaking polymerization of the two monomers inside the compressed particle packing of YSZ, 
i.e. the green monolith, and the thermal stability of PPTA due to its highly rigid chain structure 
and strong chain association. To make such pore-forming mechanism effective, a uniform coating 
of an organic layer comprising of the two monomers, the polymerization catalyst and the 
processing additive on individual YSZ particles must be achieved before the powder is molded 
into a green monolith. The solid-state polymerization of the two monomers under the 
confinement condition results in nano-rod shaped crystallites, whereby the size depends on 
polymerization time and the composition of the processing additive. During calcinations, PPTA 
undergoes a slow decomposition from 400 °C to 950 °C. Such heat-resilience prevents the local 
tumbling of the ceramic particles prior to sintering process. In consequence, the sintered porous 
medium attained permits an apparently higher fluid permeability and stronger mechanical 
properties than the control that was created by employing starch as pore former. It has been also 
confirmed that the pore-forming effect benefits from larger sizes of PPTA crystallites. More 
appealing finding of this work lies in the capability of the porous YSZ medium (viz. membrane) 
to alter rheological behaviors of a viscous fluid when permeating through it. The study involved 
the investigation of rheological behavior of a dilute binary solution of PMMA and PVDF polymer 
after filtration through the YSZ membrane and an increase by 25% in viscosity was observed. 
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This permeation-based shear-thinning effect will be useful in oil applications and waste water 
treatment. 
Chapter 6 investigated the influence of pore-formers on the pore formation during the 
heat treatment process, which will leads to densification of the ceramic. Using the fundamentals 
established in Chapter 5, we engineered throat-to-void architecture in the sintered ceramic disc 
though a two-transition strategy, namely the in-situ polymerization to form PPTA rods and the 
consecutive conversion of the PPTA rods to carbon wedges under Ar. The rationale of this 
strategy relies on extending the physical presence of carbon wedges till the onset of the necking 
of YSZ particles in the course of calcination. The carbon wedges were allowed to dwell at a 
temperature in the range between 800 and 1200 °C for 2 h before switching the calcinations 
atmosphere to air. It was confirmed that this dwelling significantly influenced the porous features 
of the sintered YSZ monolith due to the shape and amount of carbon wedges and the partial 
sintering extent of YSZ grains. As YSZ is an oxygen electrolyte, the oxidation due to lattice 
oxygen caused deformation and loss of the carbon wedges. The optimized calcination 
temperature (Tc) was found to locate at 900 °C, where the carbons wedge in rod shape remained 
unchanged and the partially sintered YSZ grains still remained reactive. The resulting disc 
exhibited two abundant pore size locations in the nano range (<10 nm) and in the micron range 
(~1 µm), and the adoption of other Tc resulted in withdrawing of nano pores. Such a throat-to-
channel pattern allows for improving both fluid permeability and mechanical properties, which 
are difficult to attain simultaneously by the conventional pore-forming techniques. In addition, 
the characteristic of dual pore channel brought about stretching of polymer coils in a dilute 
solution through repeatedly throttling.  
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Chapter 7 explores a conceptual design of membrane through integration of 
nanotechnology and hierarchical-porous ceramic membrane (Chapter 4 to 6) for purification of 
oil-in-water (o/w) emulsion. Carbon nanotubes (CNTs) were grown in pore channels of an Y2O3-
ZrO2 (YSZ) membrane by chemical vapor deposition, whereby a uniform distribution of nickel(0) 
nano-domains, serving as catalytic sites for the growth of CNTs, has been attained. A maximum 
loading of nickel catalyst particles was determined and two specific methane-cracking 
temperature ranges were obtained to implant CNTs in the pore channels of the YSZ membranes 
without any defect. Of the two identified temperature ranges for the growth of CNTs, only at 
temperature close to 750 °C could the protruding CNT grids be harvested. Filtration results 
showed that the presence of CNT grids greatly improves the removal of tiny emulsion particles 
from water in contrast to only YSZ pore channels alone. The YSZ membrane with CNT grids 
displayed 100 % rejection rate to emulsion particles and retained a permeation flux of 0.6 L.m-
2.min-1 with a pressure drop of 1 atm over 3 days of operation. This performance was sustained by 
the formation of lipophilic soft layers on CNT grids, which has been proven by microscopic 
securitization. The lipophilic soft layers function as a lipo-rejection barrier exhibiting both 
adsorption and steric repulsion mechanisms jointly. The later became prevailed after the 
separation reached the steady state where both rejection and flux underwent negligible changing. 
The separation test also found desorption of oil molecules from the lipo-layer when the layer 
became thick enough. It is noteworthy that the widths of ceramic pore channels are also critical to 
the roles CNTs. Finally, the spent membrane can be regenerated through solvothermal treatment 
in an aprotic polar organic solvent.     
To study the commercialization feasibility and versatility of the CNT-ceramic membrane, 
it is important to examine its performance under different operating conditions and feed input. 
Chapter 8 focuses on this. In all, the CNT membrane showed a remarkable improvement in its oil 
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rejection capability relative to membranes without CNTs at all feed conditions. This is with the 
exception of the results obtained from oil concentration of 100 µL/L, which is low enough for the 
gel layer on the membrane surface to completely remove it. However, higher flux was obtained 
using CNT membrane. As the pressure increases, rejection was observed to increase due to the 
presence of a more compact gel layer which on the whole decreases the permeate flux with the 
exception of 100 µL/L due to its low concentration. A decrease in SDS surfactant concentration 
reduces the stability of the emulsion. It not only increases the time required to obtain steady state 
but it also decrease the oil rejection capability of both types of membrane. A change of surfactant 
to the more stable span-80 decreases the oil emulsion size which thereby affects the flux and 
rejection of the pristine membrane adversely and lengthens the time required to reach steady 
state. However, CNT membranes were able to obtain 100% rejection for all span-80, even at high 
temperature, displaying its capability to remove oil. The increase in temperature decreases the 
stability of the emulsion but has a greater effect on the feed involving SDS. An increase in 
porosity of the membrane support, as a result of higher monomer loading, allows a higher loading 
of CNT which promises to increase rejection without compromising on the permeate flux. 
However, the smaller throat pore ratio results in less contact opportunities between the oil and 
CNT, which results in the inability to achieve 100 % rejection.  
Next, we shifted our focus on carbon membrane fabrication from Chapter 9 to 12, where 
the main theme revolves around the exploration of a new class of polymer – conducting polymer 
as a precursor for carbon membrane. Chapter 9 investigated polypyrrole (PPy), an example of 
conducting polymer as the precursor for carbon membrane. The key drawback of using the 
conjugated polymer is the presence of overwhelming mudcracks in the resultant carbon 
membrane. This quandary was overcome by grafting DBSA molecular chain to the rigid 
segments of PPy. A continuous PPy-DBSA matrix rather than a packing of tiny PPy nodules was 
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therefore realized by coating. Hence, the severe domainization upon pyrolyzing the packing of 
PPy nodules can be prevented. A three-stage membrane development procedure was devised to 
produce an asymmetric carbon membrane on a porous zirconia pellet. To pursue a well-developed 
carbon matrix with a narrow range of pores (< 5 Å) suitable for the precise gas separation, a high 
calcination temperature was attempted. However, the present synthesis system only permits no 
higher than 700 °C since the densification of carbon matrix weakens the adhesion of the 
membrane to the ceramic support, resulting in peeling of the carbon membrane. Based on the gas 
permeation analysis, the carbon matrix achieved from the calcination at 700 °C contains pore 
sizes in the range from micro to meso scales. However, Knudsen diffusion dominates over the 
molecular sieve mechanism through the carbon membrane, signifying a high percentage of meso-
pores in the carbon membrane. 
It was realized that the adhesiveness of the carbon membrane to the support became 
weaker when the pyrolysis temperature went beyond 750 °C. This restricted the exploration of 
evolution of pore structure for the carbon matrix at higher pyrolysis temperature. Chapter 10 aims 
to tackle this problem by modification of the prime carbon layer coating by using phenol-
formaldehyde prepolymer resin and introducing carbon nano-tubes to function as stress-relief 
point experienced by the carbon matrix during pyrolysis. With these improvements, it was found 
that a defect-free carbon membrane could be obtained even at high pyrolysis temperatures. 
Hence, the effect of pyrolysis temperature on the carbon membrane performance was studied. By 
using a wide range of pyrolysis temperatures, from 700 °C to 1000 °C, it was observed that 
800 °C allowed for the formation of the best performing carbon membrane. 
As conducting polymer, in particular polypyrrole has never been explored as a precursor 
to carbon membrane, it will be adventurous to understand its transition to carbon membrane 
during pyrolysis. Using traditional analytical tools such as FTIR, TGA, NMR and XPS, we 
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examined the structural evolution of aliphatic grafted PPy with the emphasis on pore genesis in 
Chapter 11. Upon heating to 500 °C, PPy spontaneously decomposes and begins to convert to 
polyaromatic structure with mesoporous properties. Such a structure comprises of polymer 
remnants and aromatic cores that form the basis for meso-porous structure. It is only after 500 °C 
that the 5 member ring opens up and created meso-porous medium that is required to facilitate 
gas transport. Based on the direct correlation of the findings presented and the actual membrane 
performance, it is logical to assume that structure analysis on the pyrolyzed powder truly reflects 
the transformation of aliphatic grafted PPy to carbon on a membrane setup.           
It is recognized that the grafting method devised in Chapter 9 is not suitable for every 
conducting polymer due to the presence of steric hindrance molecules or side groups. Hence, a 
versatile chemical oxidative in-situ polymerization has been purposed in Chapter 12 to explore 
the conversion of sp2 hybridization carbon chains of conducting polymer to polycyclic aromatic 
hydrocarbon. Water soluble polymer, PSS with embedded initiator was applied as a foundation 
layer and served two functions: (1) It offers active side for the polymerization of conducting 
polymer to be initiated due to the embedded initiator and hence, forming long chain of polymer 
across the PSS during the reaction. (2) It provides backbone nettings during the course of 
carbonization of conducting polymer. This aids to relieve the domainization effect, which is 
detrimental in achieving defect-free membrane. In-situ polymerization of n-methyl pyrrole (mPy), 
a typical type of conducting polymer was initiated by dripping the monomer solution on the pre-
casted polymer net. Carbonization of the asymmetrical membrane in argon results in formation of 
defect-free membrane and the effect of pyrolysis conditions on the carbon structural and its gas 
transportation phenomenon were investigated thoroughly. High performing molecular sieving 
carbon with selectivity of CO2/CH4 of 167 with permeability of CO2 of 7.19 barrel was achieved 
and a comparison with carbon membrane obtained from commercially available polyimide 
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showed comparable performance. In conclusion, this study presents significant advances in 
developing conducting polymer as a new class of material for carbon membrane and the absence 
of organic solvent during membrane fabrication.     
 
13.2  Recommendations 
Hierarchical porous ceramic with macro and meso pore architectural has been fabricated 
by the in-situ polymerization of monomer in the green body, which lays down the foundation for 
the evolution of throat-like pore structural during sintering. In the cases presented in this thesis, 
the raw ceramic powders used are purchased commercially and have a sub-micron size range. 
However, it is obvious that the size of the ceramic powders have a significant influence on the 
final pore architectural. Hence, it is of significant scientific value to study the effect of particle 
size on the final ceramic pore structure and consequently, its properties. In addition, a mixture of 
the particle sizes can be used to investigate the influence on the macro to meso pore ratio.  
 It will be adventurous for a researcher to design the pore structural of the final sintered 
product from a micro-level perspective, starting from the synthesis of the ceramic particles from 
raw materials (Chapter 2, Figure 2.1). This allows more liberty and freedom in the fabrication 
strategy to obtain the desired structure. One route is to improve the current synthesis method for 
nano-sized particle. Sol-gel fabrication route has been the popular route in fabricating nano-sized 
particles. However, the difficulty of achieving very small particles sizes (<30nm) increases 
exponentially with decrease in particle size. We discovered that the hydrolysis rate of the metal 
hydroxide has a strong influence on the particle sizes. Using a combination of extremely low 
temperature and high agitation speed, tiny particle sizes in the range of 10 to 50 nm was obtained. 
Figure 13-1 shows the TEM and FESEM images of the synthesized particles. Introducing these 
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particles into the processing mixture described in Chapter 6 affected the pore size distribution of 
the sintered article. The presence of the smaller sized particles resulted in a decrease of the inter-
particle spacing. This assured a denser green body and subsequently, created smaller pore 
channels with more throat-like pores as seen in Figure 13-2. In addition, modification of the sol-
gel solution with various surfactants might allow a better control over the size of the particle 
generated. This unique process will be studied further in the future.   
 
Figure 13-1: YSZ nano-sized particles observed under (a) TEM (b) FESEM. 
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Figure 13-2: Pore size distribution of sintered YSZ at 1350 °C with different weight loading of 
nano-sized particles and YSZ particles obtained commercially (See Chapter 4). 
The percentage represents the amount of nano-sized YSZ particles, synthesized by 
a processing condition of extremely low temperature and high agitation speed. 
 
This thesis has presented cases for realizing the use of conducting polymer as a precursor 
using both grafting and non-grafting methodologies. We have studied the transition of 
polypyrrole and poly(n-methyl pyrrole) into functional carbon membrane. Nonetheless, the 
family of conducting polymer consists of a large number of members, such as polyaniline, 
polyacetylene, polyphenylene vinylene and polythiophene. Hence, there remain suitable 
candidates that belong to this family for the realization of high performance carbon membrane. 
However, the chemistry and the nature polymerization of each polymer are unique and deep 
understanding of them is needed to achieve dense asymmetrical membrane.        
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However, looking at the molecular level, it will be advantageous to embedded templating 
molecules inside the polymeric coating. For example, graphene – one-atom-thick planar sheets of 
sp2 hybridized carbon atoms bonded in a honeycomb crystal lattice, can be purposely embedded 
into the polymeric coating before the transition to carbon matrix. The rationale being the structure 
of graphene can impart some influence on the carbon matrix during the transition period through 
its π bonding, causing the neighboring carbon atoms to assume the structural linearity. Another 
possible route is by introduction of graphene oxide. The rationale is similar, but experimentally, 
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Appendix A 
A.1 Gas adsorption isotherms 
Gas adsorption is a prominent method to obtain a comprehensive characterization of porous 
materials with respect to the specific surface area, pore size distribution and porosity. Adsorption by 
mesopores is dominated by capillary condensation, whereas filling of micropores is controlled by stronger 
interactions between the adsorbate molecules and pore walls. It is worthwhile to note that this 
nomenclature address pore width but not pore shape. Figure A-1 shows adsorption of the gas with 
increasing gas pressure on a surface. 
 
Figure A-1: A schematic showing the adsorption of gas molecules on a material with increasing gas 
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The IUPAC classification of adsorption isotherms is illustrated in Figure A-2 [274]. The six types of 
isotherm are characteristic of adsorbents that are microporous (type I), nonporous or macroporous (types 
II, III, and VI) or mesoporous (types IV and V).  
 
Figure A-2: IUPAC classification of adsorption isotherms. 
 
It is generally accepted that the desorption isotherm is more appropriate than the adsorption 
isotherm for evaluating the pore size distribution of an adsorbent. This is because the desorption branch of 
the isotherm for the same volume of gas exhibits a lower relative pressure, hence resulting in a lower free 
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A.2 Mesopore analysis – Barrett-Joyner-Halenda (BJH) method 
Mesopore size calculations are made assuming cylindrical pore geometry using the Kelvin 






        (A-1) 
Where γ = the surface tension of nitrogen at its boiling point (8.85 ergs/cm2 at 77 K) 
Vm = the molar volume of liquid nitrogen (34.7 cm3/mol) 
R = Gas constant (8.314 x 107 ergs/deg/mol)  
T = boiling point of nitrogen (77 K) 
P/Po = relative pressure of nitrogen 
rk = Kelvin radius of the pore 
 
Substituting the appropriate constants for nitrogen, equation (A-1) reduces to: 
𝑡�Å� =  4.15
log (𝑃𝑜
𝑃
)       (A-2) 
The Kelvin radius, rk is the radius of the pore in which condensation occurs at a relative pressure of P/Po. 
Since some adsorption has taken place on the walls of the pore prior to condensation, rk does not truly 
represent the actual pore radius. On the other hand, an adsorbed layer remains on the walls during 
evaporation in the desorption process. Hence, the actual pore radius rp is given by: 
𝑟𝑝 = 𝑟𝑘 + 𝑡        (A-3) 
where t is the thickness of the adsorbed layer. This statistical t can be taken as 3.54 (Vads/Vm) since the 
thickness of one nitrogen molecular layer is 3.54 Å and Vads/Vm is the ratio of the volume of nitrogen 
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adsorbed at a given relative pressure to the volume adsorbed at the completion of a monolayer for a 
nonporous solid of the same composition as the porous sample. A more convenient method for estimating 
t was proposed by de Boer: 
𝑡�Å� = �( 13.99log�𝑃𝑜
𝑃
�+0.034)      (A-4) 
With this fundamental, the BJH method further assumes that the initial relative pressure (P/Po) is close to 
unity when all pores are filled with liquid and that the largest pore of radius rp1 has a physically adsorbed 
layer of nitrogen molecules of thickness t1. Inside this thickness is an inner capillary with radius rk from 
which evaporation takes places as P/Po is lowered. Hence, the relationship between the pore volume Vp1 
and the inner capillary (Kelvin) volume Vk is established: 
𝑉𝑝1 = 𝑉𝐾1 𝑟𝑝12𝑟𝐾12        (A-5) 
When the relative pressure is lowered from (P/Po)1 to (P/Po)2, a volume V1 will desorb from the surface. 
This liquid volume V1 represents not only emptying of the largest pore of its condensate but also a 
reduction in the thickness of its physically adsorbed layer by an amount ∆t1. Across this relative pressure 
decrease, the average change in thickness is ∆t1/2 and the pore volume of the largest pore may now be 
expressed as: 
𝑉𝑝1 = 𝑉1( 𝑟𝑝𝑙𝑟𝐾1+∆𝑡1/2)2       (A-6) 
When the relative pressure is again lowered to (P/Po)3, the volume of liquid desorbed includes not only 
the condensate from the next larger pore size, but also the volume from a second thinning of the 
physically adsorbed layer left behind in the pores of the largest size. The volume Vp2 desorbed from the 
pores of the smaller size is then given by: 
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�𝑉2 −  𝑉∆𝑡2�      (A-7) 
An expression for V∆t2 can be written as: 
𝑉∆𝑡2 =  ∆𝑡2𝐴𝑐1       (A-8)  
where Ac1 is the area exposed by the previously emptied pores from the physically adsorbed gas is 
desorbed. Equation (9) can be generalized to represent any step during the desorption process. Expressing 
this as a summation of the average area in unfilled pores down to, but not including, the pore that was 
emptied in the desorption, a general equation can be written:  
𝑉∆𝑡𝑛 =  ∆𝑡𝑛 ∑ 𝐴𝑐𝑗𝑛−1𝑗=1        (A-9) 
Assuming cylindrical pore geometry, the area of each pore, Ap can be calculated from the pore volume, 
 𝐴𝑝 = 2𝑉𝑝𝑟𝑝         (A-10) 
The pore size distribution can be then expressed as: 




)2(∆𝑉𝑛  −  ∆𝑡𝑛 ∑ 𝐴𝑐𝑗𝑛−1𝑗=1 )    (A-11) 
The total pore areas can then be obtained by the summation of Ap for each step in the desorption process. 
The BJH method computes the summation of Acj from Ap for each relative pressure decrement as 
follows; it is assumed that all the pores which emptied their condensate during a relative pressure 
decrement have an average radius rp. From the Kelvin radii at the upper and lower values of P/Po in the 
desorption step, the average capillary (core) radius is expressed as: 
?̅?𝑐 = ?̅?𝑝 − 𝑡𝑟        (A-12) 
 
Appendix A 
355 | P a g e  
 
where tr is the thickness of the adsorbed layer at the average radius in the interval in the current pressure 





        (A-13) 
Equation (12) now can be used in conjunction with equation (14) as an exact expression for the 
computation of pore size distributions.  
 
A.3 Micropore analysis – Horvath and Kawazoe (HK) method 
Several approaches for micropore analysis have been used; for example, alpha-s method, MP 
method, HK method, DR method. However, while no single treatment is applicable to all situations, 
enough flexibility is provided in each to adequately describe a micropore system. In this thesis, the HK 
method is employed due to its suitability for carbon material. This method enables the calculation of pore 
size distribution of micropores from the low relative pressure region of the adsorption isotherm and is 
derived independently from the Kelvin equation. The expression of the adsorption potential function 




� =  𝐾 𝑁𝑠𝐴𝑆+𝑁𝐴𝐴𝐴








)9�    (A-14) 
where K = Avogadro’s number 
 Ns = number of atoms per unit area of adsorbent 








 NA = number of molecules per unit area of adsorbate 
 m = mass of an electron 
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 c = speed of light 
αs = polarizability of adsorbent 
αA = polarizability of adsorbate 
χs = magnetic susceptibility of adsorbent 





(l – ds) = effective pore width where d = ds + dA and, ds and dA are the diameters of the adsorbent 
and adsorbate molecules respectively.  
l = the distance between two layers of adsorbent  
σ = 0.858d/2   
 
A.4 Meso/Micropore analysis – Density Functional Theory (DFT) method  
Classical macroscopic approach such as BJH method and semi-empirical approach such as 
Horvath and Kawazoe (HK) do not give a realistic description of the filling of micropores and even 
narrow mesopores, leading to an underestimation of pore sizes. To achieve a more realistic description 
microscopic theory which describes the sorption and phase behavior fluids in narrow pores on a 
molecular level, the density functional theory (DFT) method, in particular, the non-local the density 
functional theory (NLDFT) method is used. The NLDFT method correctly describe the local fluid 
structure near curved solid walls and the adsorption isotherms in model pores are determined based on the 
intermolecular potentials of the fluid-fluid and solid-fluid interactions. The relation between isotherms 
determined by these microscopic approaches and the experimental isotherm on a porous solid can be 








𝑓(𝑊)𝑑𝑊     (A-15) 
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where  N(P/Po) = Experimental adsorption isotherm data 
W = pore width 
N(P/Po,W) = Isotherm on a single pore of width W 
f(W) = the pore size distribution function.  
 
The GAI equation reflects the assumption that the total isotherm consists of a number of individual 
“single pore” isotherms multiplied by their relative distribution, f(W), over a range of pore sizes. The set 
of N(P/Po,W) isotherms is obtained by the DFT simulation while the pore size distribution is derived by 
solving the GAI equation numerically via a fast non-negative least square algorithm.  
 
A.5 Mercury porosimetry  
Porosimetry is an analytical technique used to determine various quantifiable aspects of a 
material's porous nature, such as pore diameter, total pore volume, surface area, and bulk and absolute 
densities. It is a relatively rapid method whereby a wide range of pore diameter (3 nm - 200 µm) and 
variety of porosity parameters can be determined. This technique involves the intrusion of mercury, a 
non-wetting liquid, at high pressure into a material through the use of a porosimeter. The pore size is then 
determined based on the external pressure needed to force the liquid into a pore against the opposing 
force of the liquid’s surface tension. The force balance equation known as Washburn’s equation, which is 
based on the capillary law governing liquid penetration into small spaces and the assumption that the 
material contains cylindrical pores, is given as: 
𝑃𝐿 − 𝑃𝐺 = 4𝜎𝑐𝑜𝑠𝜃𝐷𝑃        (A-16) 
where PL = pressure of liquid  
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PG = pressure of gas  
σ = surface tension of liquid (For mercury, σ = 480 mNm-1)   
θ = contact angle of intrusion liquid (For mercury, θ = 140°) 
DP = pore diameter  
As the pressure increases during an analysis, pore size is calculated for each pressure point and the 
corresponding volume of mercury required to fill these pores is measured. These measurements taken 
over a range of pressures give the pore volume versus pore size distribution for the sample material. The 
analysis usually will include the decreasing pressure portion, whereby the extrusion of the mercury is 
examined and calculated by the Washburn equation (Equation A-16). Extrusion P-V curves usually 
differs from intrusion curves because of mercury entrapment and because there is no driving force to 
bring the mercury out of the pores during the extrusion phase of the analysis. Differences between 
intrusion curves and extrusion curves can be used to characterize channel restrictions and the structure or 
shape of pores. Pore diameters may be offset toward larger values on extrusion curves because receding 
contact angles are smaller than advancing contact angles. This results in equivalent volumes of mercury 
extruding at lower pressures than those at which the pores were intruded. Also, pore irregularities, such as 
enlarged chambers and “ink-well” structures sometimes trap mercury. 
Total pore volume (Vtot) is determined based on the total intruded volume of mercury at the 
highest pressure determined. Total pore surface area (S) is calculated by: 
   𝑆 = 1
𝛾|𝑐𝑜𝑠𝜃|∫ 𝑝 𝑑𝑉𝑉𝑡𝑜𝑡0       (A-17) 
Total pore surface area is the area above the intrusion curve, and it is thus modeless and independent of 
the geometrical pore shape. Furthermore, the mean pore diameter (dmean) is calculated based on an 
assumption of cylindrical shape of pores open at ends: 
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𝑑𝑚𝑒𝑎𝑛 = 4𝑉𝑡𝑜𝑡𝑆         (A-18) 
Median pore diameter (dmedian) is the pore diameter at which 50% of the total intruded volume of mercury 
is intruded into the sample. In general, mean pore diameter emphasizes the smaller pores rather more than 
median pore diameter. The volume pore size distribution, Dv(d), is defined as the pore volume per unit 
interval of pore diameter (d) and based on a model of cylindrical pores, it can be expressed as: 
𝐷𝑣(𝑑) =  𝑝𝑑 𝑑𝑉𝑑𝑝        (A-19) 
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